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Detta diplomarbete studerar millimeter och submillimeter vågor i medicinska ap-
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tillämpningar i diagnostik. Fokus av detta arbete är i definiera egenskaper av
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för diagnostik på dessa våglängder. Undersökningar jämföras med tillämpning-
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a aperture radius
B magnetic flux density
B−3dB half-power bandwidth
BW bandwidth
c speed of light in vacuum ≈ 2.998× 108 m/s
D electric flux density
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d1 diameter of mirror 1
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E electric field intensity
Ei incident electric field intensity
Er reflected electric field intensity
Et transmitted electric field intensity
Ei+ amplitude of forward moving incident electric field intesity
Ei− amplitude of backward moving electric field intensity
Et+ amplitude of forward moving transmitted electric field intensity
Et− amplitude of backward moving electric field intensity
F (t) Signal response in time-domain
f frequency
f1 first relaxation frequency of water
f2 second relaxation frequency of water
fi frequency ith frequency point
fr0 resonant frequency of empty cavity
fr resonant frequency of fully loaded cavity
fs sampling frequency
flin effective focal length of first mirror
flout effective focal length of second mirror
G(f) Signal response in frequency domain
GW width of the filtering function
H magnetic field intensity
Hi incident magnetic field intensity
Hr reflected magnetic field intensity
Ht transmitted magnetic field intensity
HF Hann function
i the number of the fraction
J electric current density
Jm magnetic current density
j imaginary unit =
√−1
k wavenumber vector
k wavenumber = |k|
ix
k0 free-space wavenumber
k1 wavenumber in medium 1
k2 wavenumber in medium 2
kr wavenumber in material under test
L Length of Pickett-Potter horn
li length of the ith slab
lr thickness of the material under test
M magnification of the mirror system
Mφ integer value of phase unwrapping algorithm
malias number of coefficients
N number of layers
NSignal number of measurement points
n refractive index
n1 refractive index of medium 1
n2 refractive index of medium 2
nalias number of multiple reflections
Oφ(f) linear interpolated fit of φ(f)
Pe polarisation density
pc phase centre of the horn
pw,i water fraction part of the ith slab
Q quality factor
Q0 unloaded quality factor
Qd quality factor of the material under test
Qe external quality factor
QL loaded quality factor
Qm quality factor of metal walls of the resonator
Qm0 quality factor of metal walls of the resonator
Qr radiation quality factor
R reflection coefficient
R1 reflection coefficient of interface 1
R2 reflection coefficient of interface 2
Rc radius of curvature of the propagating beam
Ri reflection coefficient of the ith slab
Rsteel ball radius of curvature of the steel ball
r 3D arbitrary length vector
r distance from the horn
T transmission coefficient
TE edge taper
Tw temperature of water
t time
talias aliased time instant
tcentre centre time instant
thigh higher boundary of alias-free distance
tlow lower boundary of alias-free distance
tmaximum maximum time instant
tanδ loss tangent
ux unit vector in x-direction
xuy unit vector in y-direction
uz unit vector in z-direction
vp velocity of a wave in a medium
Walias alias-free distance
x distance from the focal point
Z wave impedance in complex medium
z position in z-direction
z magnitude of z position vector
z0,steel ball(x) height of the curvature
z1,steel ball(x) height of the curvature at the distance of the steel ball
zA equal waist position
zc confocal distance
Γ1 total overall reflection coefficient response
Γh total reflection of a homogeneous slab
ΓMirror reflection coefficient of planar mirror
ΓRAM reflection coefficient of radar absorbing material
Γr total reflection of incident plane wave
δ effective electrical length
δi effective electrical length of the ith slab
ε dyadic permittivity
ε complex relative permittivity
ε0 dielectric constant in vacuum ≈ 8.854× 10−12 F/m
ε1 complex permittivity in medium 1
ε2 complex permittivity in medium 2
ε∞(Tw) second high-frequency constant of water at temperature Tw
εa dielectric constant of half-space a
εb dielectric constant of half-space b
εcollagen dielectric constant of collagen fibre
εcornea,i permittivity of ith slab of the cornea
εr dielectric constant of the medium r
ε
′
r real part of relative permittivity
ε
′′
r imaginary part of relative permittivity
εs(Tw) static dielectric constant of water at temperature Tw
εs1(Tw) first high frequency constant of water at temperature Tw
εw(f) complex permittivity of water
ζ magnetoelectric coupling dyadic
η wave impedance
η1 wave impedance in medium 1
η2 wave impedance in medium 2
ηcurvature efficiency of the phase difference
λ wavelength
λ0 free-space wavelength
λcentre wavelength at the centre frequency of the Pickett-Potter horn
λr wavelength in the MUT
µ dyadic permeability
xi
µ complex relative permeability
µ0 permeability in vacuum ≈ 4pi × 10−7 H/m
ν angular frequency = 2pif
ξ magnetoelectric coupling dyadic
pi pi ≈ 3.14159264
% electric charge density
ρr reflection coefficient of voltage
σ(Tw, S) conductivity of seawater at temperature Tw and salinity S
φ(f) unwrapped phase of measurement data
ω beam radius
ω0 beam waist radius at z = 0
ω01 beam radius at mirror 1
ω02 beam radius at mirror 2
ωin beam radius at focal point of first mirror
ωout beam radius at focal point of second mirror
xii
Abbreviations
CCD charge-coupled device
CCT central cornea thickness
COC cyclic-olefin copolymer
CTWC corneal tissue water content
dB decibel
EM electromagnetic
FFT Fast Fourier Transformation
FSPL free-space path loss
FT Fourier transform
IFFT invers fast Fourier transform
LPI laser Doppler perfusion imaging
MUT material under test
NaCl sodium chloride
OAP off-axis parabolic mirror
PNA performance network analyzer extension
ppt parts per thousand
PS-OCT polarisation sensitive optical coherence tomography
PTFE polytetrafluoroethylene
QOW quasi-optical waveguide
RAM radar absorbing material
SNR signal-to-noise ratio
TDR time-domain reflectometry
THS tissue hydration
THz terahertz
THz-TDS terahertz time-domain spectroscopy
TPI terahertz pulse imaging
VNAX vector network analyser extension
1 Introduction
Radiowaves are electromagnetic waves propagating in vacuum with the velocity of
light. Generally, frequencies from 1 Hz to about 3 THz are called radiowaves. The
frequencies higher than 3 THz are called infrared radiation, however, the frequency
limits are loosely defined and may be different from one source to another. Figure 1.1
illustrates the electromagnetic spectrum with different wavelengths, corresponding
frequencies, comparable size of the wavelength and sources of different frequencies
and equipment which utilises the different frequencies.
Figure 1.1: The electromagnetic spectrum.
Different frequencies are used to different applications depending on their wanted
functionality and global location where the radiowaves are used. In long distance
communication lower frequencies provide better signal strength. However, the lower
the frequency is the less the signal can transfer data from one device to another.
As an example devices using Wi-Fi technology use 2.4 GHz or 5.8 GHz frequencies,
which allows large data transfer but the distance the signal can be detected from is
about 46 meters indoors.
Radiowaves may also be used to image objects. If the wavelength is smaller than the
size of the object the corresponding frequency may be used to image the object. In
addition, the radio waces may be used to determine the electrical properties of the
material the radiowave is illuminated to.
1.1 Millimetre and submillimetre technology
Millimetre wavelengths are defined as electromagnetic (EM) waves in the frequency
range 30 - 300 GHz. This frequency range corresponds to 10 - 1 mm wavelengths.
Millimetre waves are shorter than microwaves (10 - 1 cm) and longer than submillime-
tre waves (1 - 0.1 mm or 3 mm - 30 µm [1] ). Although experiments with millimetre
2wavelengths have been conducted since the early 1900 century, it was not until the
1970s, major application utilising millimetre waves were created. The primary driver
of millimetre- and submillimetre-wave technology has been applications in radio
astronomy.
Millimetre- and submillimetre-wave research in radio astronomy has three major inter-
est areas, extragalactic radio sources, microwave background radiation, and research
of interstellar molecules [2]. The primary driver of millimetre- and submillimetre-
wave technology has been design of sensitive detectors to measure the radiation of
extragalactic radio sources and microwave background radiation. The flux of stellar
objects has been reported to peak at millimetre and submillimetre wavelengths.
Microwave background radiation has been vastly studied at millimetre and sub-
millimetre wavelengths [2]. The black-body radiation of the background radiation
at temperature of 3 K peaks at these wavelengths. The results have been more
accurate than with longer wavelengths even though the concern of larger errors due
to atmospheric radiation. Both on ground and space-borne observations millimetre
observations indicate a slightly lower temperature than 3 K for the black-body
radiation of the microwave background [3].
Wireless systems utilising millimetre wave technology has risen in the recent years.
The need for standoff screening devices has fuelled research to better imaging tech-
niques at millimetre and submillimetre wavelengths [4, 5]. Standoff screening devices
ease the screening of a single person. In addition, it can provide anatomically discrete
screening of contraband, loss prevention as well as medium and large sized weapons.
Another interest area of especially submillimetre wave commercial applications has
been medical research. Millimetre and submillimetre waves penetrate little into
biological tissue, and is therefore a suitable screening method for surface monitoring
of biological tissue. Current interest of medical research at these wavelengths have
been skin burn imaging [6], corneal tissue water content (CTWC) and central corneal
thickness [7], and tumour region identification [8].
1.2 Scope and the aim of this thesis
This thesis discusses the possibility to use millimetre wavelengths to characterise
material parameters, such as complex permittivity and thickness, of biological-like
tissue. The thesis consists of literature review of medical research at millimetre
and submillimetre wavelengths and currently used technologies of biological tissue
characterisation. In addition, the thesis consists of theoretical review of measurements
with millimetre waves, and an experimental part, wherein a millimetre wavelength
measurement is implemented at frequency range from 220 GHz to 330 GHz.
The second chapter discusses briefly history of millimetre- and submillimetre-wave
technology. In addition, previous studies of millimetre- and submillimetre-wave
techniques in medical applications are presented. The possible medical applications
3are compared to existing diagnostic tools used in diagnostics. Moreover, theory of
millimetre wavelengths measurement is presented and a simulation example of human
tissue reflection coefficient is presented and discussed.
The third chapter presents the measurement system built for the experimental part
of this work. First the Gaussian beam and the conical dual-mode horn used as the
radiation source is presented. The constructed beam waveguide is also presented as
well as the materials used in the measurements.
The fourth chapter presents the signal processing and results of the measurements.
Different measurements are analysed and differences between the measurement results
are discussed.
The fifth chapter presents the parameter value estimation of the measured materials.
The fitted parameter values are compared with literature values of the same material
measured previously. The differences of the values are analysed as well.
The sixth chapter concludes the thesis and provides suggestions for future research
of the subject.
42 Millimetre wave medical research
2.1 Medical research at millimetre and submillimetre wave-
lengths
Although the first submillimetre, or rather terahertz (THz), wave image was generated
in 1960, [9], the bleeding edge of the millimetre and submillimetre technology has
been the non-existence of components and sources for these wavelengths. Until
the 1990s most sources where thermal sources or single-frequency molecular vapour
lasers. During the 1990s non-linear optical techniques for frequency conversion
encouraged new research at these wavelengths [10], particularly terahertz time-domain
spectroscopy (THz-TDS) [11,12].
As the first interest of submillimetre and millimetre tomography were transmission
images of a leaf after it was removed from the host plant [13]. Two images were
produced, first right after the removal of the leaf, and second 48 hours after plucking
the leaf. The first images did not show significant difference in the transmission
coefficient throughout the area as the leaf was still hydrated. Figure 2.1 presents the
results of the two measurements of the same leaf [13]. However, due to the drying of
the leaf, transmission coefficient difference was significant since the veins of the leaf
only contained water.
Figure 2.1: The results of [13], wherein the same leaf was measured after extraction
and 48 hours after extraction. The green colour presents the magnitude of water
absorption in the leaf.
2.2 Dermatology
Dermatology is the field of medicine, which focuses on hairs, nails, and skin as well
as the diseases associated with these parts of the human body. Main focus is in
treatment of burn wounds and skin cancers, such as basal-cell carcinoma, melanoma,
5and squamous-cell carcinoma. Current examination is usually biopsy, which might
be unpleasant for the patient. In addition, burns and tumours might occur on spots
where excess removal of skin tissue is not preferred, such as face.
2.2.1 Burn wound detection
Burn wound, or simply burn, is an injury usually caused by instantaneously risen
temperature in the tissue. Other causes for burns are electricity, radiation, and
chemicals. Burns are categorised to four major groups depending on the depth of the
injury. First degree burn is defined as superficial damage of the skin, second degree
burn denotes damage that covers the epidermis and dermis of the skin tissue, third
degree burn is damage that extends to fat tissue of the skin, and fourth degree burn
denotes overall burnt limb. Figure 2.2 shows a simplified structure of human skin.
The layers are not in scale and the total thickness of the skin tissue varies from 0.5
mm on the eyelids to 4 mm on the heels of feet. Depending on the degree of the
burn the treatments vary from applying ointment to surgical removal of the damaged
tissue.
Figure 2.2: Simplified structure of human skin tissue.
Current diagnostic tools for burn depth examination are invasive and might be
unappealing towards the patient, and thus the millimetre and submillimetre wave
technology would offer a non-invasive option for such an examination. One of the
first medically focused research utilising millimetre and submillimetre waves was
published in the late 1990s [14], wherein burn wounds were measured on a extracted
piece of chicken breast, i.e., ex vivo examination. The wounds were first produced
with an argon ion laser. The burns were circularly shaped, and the severity of the
burn was increasing towards the point where the laser beam was exposed.
A 3 cm × 2 cm tomogram with 0.25 mm steps was produced of the damaged area
6by recording individual amplitudes of the reflected wave. One of the results was
presented in [14], and Figure 2.3 shows the result of that measurement. The darkness
of the pixel in the image represents the severity of the damage in the tissue. The burnt
tissue is assumed to have higher water content, and reflect more of the transmitted
millimetre and submillimetre radiation, and thus the burn margins are detectable
from the normal tissue. The white area in Figure 2.3 represents undamaged skin
tissue, wherein the water content is immutable compared to the damaged tissue.
Although the change of the fluid content, which is mostly water, is assumed to be the
primary cause of the difference in the amplitude of the reflected wave, the effects of
other structural and chemical modifications of the damaged tissue cannot be excluded.
In addition, the phase response might change in the damaged tissue compared with
the undamaged tissue.
Figure 2.3: The false colour THz image of chicken breast reprinted from [14]. The
darkness of the pixel means stronger reflection of the THz wave. In addition, stronger
reflection indicates more severe damaged tissue since the water content of the tissue
is higher.
Recent efforts in burn wound imaging with THz systems has been promising compared
with other than millimetre of submillimetre techniques. In [15] a ex vivo burn
examination was conducted on a piece of pork skin. The hypodermis was extracted
from the pork skin resulting in a 2.5 mm thick piece. The material was then placed
on a polypropylene substrate and a 25 mm × 50 mm grid was mounted on the
material to ensure a flat surface. The piece was imaged once before applying an ‘+’
shaped aluminium brand heated approximately to 315 ◦C.
7After the brand was applied, a new reflection tomogram was obtained from the tissue.
Figure 2.4 shows the results of the tomograms of undamaged skin, burnt skin, and
the burnt skin with 3 layers of gauze placed on the skin. The result stated that the
burn was distinguishable from the undamaged tissue. In addition, the benefit of
broad band illumination is presented by the gauze layered image, where the shape of
the gauze itself is visible as well as the burn. Moreover, the decreased blood flow at
the burn margin is visible in both of the burn images.
Figure 2.4: The results of the reflection tomograms of the porcine skin sample
from [15]. (Left) The reflection tomogram of the undamaged porcine skin. (Middle)
The reflection tomogram of damaged porcine skin. (Right) The reflection tomogram
of damaged porcine skin with 3 layers of gauze stacked on the burn.
One of the first burn detection conducted in vivo was published in 2012 [16], wherein
a burn was applied and measured in on an anaesthetised rat. The subject was placed
on a plexiglass and tied to the surface with tape to ensure stagnation of the subject.
A Mylar window was pressed on the subject to ensure planar surface of the observed
area. The burn was applied with a brass brand, which formed a ‘+’ shaped burn
on the subject. Figure 2.5 shows the measured reflection tomograms of uninjured
skin and injured skin after 10 minutes, 1 hour, and 7 hours after the brand was
applied on the skin. The blood flow of the injured region is visible, since the whiter
regions mark higher reflectivity of the THz wave. Figure 2.5 (b) shows the swelling
of injured skin tissue caused by inrush of mostly water. Figure 2.5 (c) shows the
clear ‘+’ shaped burn that has begun to take its form, and the margin of decreased
blood flow at the burn margin. Figure 2.5 (d) shows the burn 7 hours after the brand
was applied on the skin, and the clear wound is visible with the increased fluid flow
shown with higher reflectivity.
8Figure 2.5: The results of the reflection tomograms of the rodent skin from [16].
(a) Uninjured skin tissue of the rodent, wherein the colour bar presents the water
content of the tissue, (b) ‘+’ shaped burn 0:10 hour after brand was applied on the
skin, (c) 1 hour and 16 minutes post burn, and (d) 7 hours and 11 minutes post burn.
The colour bar for (b)-(d) presents the water content change in the damaged skin.
Estimating the burn depth is linked with the overall fluid flow after the burn, and
the water concentration of the injury can exceed 80 % during the first 10 minutes
of the burn [17,19]. Reference [16] claims to be the first study that presents clearly
imaged region of stasis, i.e., tissue where normal fluid flow stops. This capability
could be advantageous in pre-surgical examination, and to mark clear margins of
damaged and undamaged tissue.
Other diagnostic methods applied for skin burn detection and severity quantification
include laser Doppler perfusion imaging (LPI) and polarisation sensitive optical
coherence tomography (PS-OCT). Both LPI and PS-OCT have shown potential
to be used for skin burn identification, however, poor depth resolution and strong
optical scattering tend to decrease the reliability of these techniques. Sensitivity
of millimetre- and submillimetre-waves to water concentration may improve the
depth estimation of burn wounds, and thus could be used in pre-examination of
skin operation. In addition, accurate burn margin detections could be beneficial for
patients since excess skin removal could be minimised. However, even the promising
results such as [15,16] do not have wide spread clinical acceptance at the moment.
92.2.2 Basal cell carcinoma
Another terahertz imaging technique used for biological tissue observation is tera-
hertz pulsed imaging (TPI). TPI is based on photoconductive sources and utilises
optoelectronic or photoconductive detectors. TPI has been used for observing basal
cell carcinoma tumours [18]. Basal cell carcinoma is the most common form of skin
cancer and it rarely spreads to other parts of the body, however, it might locally
spread and grow rapidly. TPI used in [18] has approximately 80 µm axial resolution.
In [18] 15 reflection coefficients of healthy and infected areas were observed in vitro.
The healthy samples were observed close to the infected area. More than half of
the observations show a difference between healthy and infected area. The three
results presented suggest that the tumour region results in higher reflection, and
the healthy tissue in lower reflection. Since the THz radiation is highly sensitive for
water absorption the result is considered to be due to increased hydration level in
the tissue infected by the tumour.
The advantage of the basal cell carcinoma observation is the non-invasive observation
method. Current diagnostic tools use visible examination and biopsy of the assumed
area of the tumour, both of which are painful and time consuming. TPI would
provide fast and painless diagnostic tool of the tumour and prevent excess skin
removal from unwanted areas, such as face. However, more study is needed for
identification of the tumour to ensure the accuracy of the TPI diagnosis. In addition,
the increased hydration level of the tissue might not be unique enough for the tumour
to determine the infected area since some of the tumours observed in [18] did not
result in a significant increase in reflection compared with healthy tissue surrounding
the tumour.
The work of Wallace, Arnone, and Pye, who also contributed in [18], continued in [20],
wherein cancerous tumours were observed with commercial scanner based on TPI
technique. The measurements were conducted in vivo and ex vivo, some from the
same patient, whereas the previous [18] was conducted in vitro. The function of the
commercial product, TPI scan by TeraView Ltd., is based on recording the reflection
of tissue material placed on the quartz window of the device. The ultrafast pulses on
the sample provide depth information of the sample. In addition, Fourier transform
(FT) of recorded reflections offer spectroscopic information of the tissue.
Normal skin tissue was measured from 20 volunteers providing consistent data as
the repeatability of the measurements were about 1 % and the day-to-day variation
of the normal tissue measurements were less than 3 %. The ex vivo samples were
acquired from 19 patients, six females and 13 males all ethnically caucasian. The
samples included the tumour and healthy skin surrounding the tumour. The in vivo
samples were acquired from five men, from which four of the patients’ tumours were
removed and used for ex vivo measurements.
Figure 2.6 shows in vivo TPI images of one basal cell carcinoma tumour from [20].
The results of these measurements showed that tumours had larger reflections than
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normal tissue, based on a comparison made between the healthy tissue surrounding
the tumour and reference measurements acquired from volunteers (normal tissue).
The difference is seen also comparing the in vivo and ex vivo samples of the same
tumour. However, the form of the reflection image did not exactly match due to
the shrinking and dehydration of the skin sample when it was removed from the
patient. In addition, the tumour margins detected with the TPI scan were sufficient
enough when compared with histology of the tumour. The results of the study, [20],
encourage for more research of basal cell carcinoma imaging and as the equipment at
these wavelengths (3 mm to 15 µm) indicate that even shorter wavelengths could be
used to acquire more accurate tumour margins and depth information.
Figure 2.6: The results of in vivo TPI images of two patients reprinted from [20]. (a)
Maximum reflected electric field plotted of one patient, (b) normalised electric field
plotted of another patient. The higher intensity of the normalised electric field is
assumed to be the result of the deeper tumour as the water content is higher.
2.3 Dentistry
Dentistry is the field of medicine, which focuses on diagnosis, treatment, prevention,
and study of diseases of the oral cavity. Generally dentistry is associated with teeth,
although it might also be extended to mean study of any tissue in the oral cavity.
The visible characteristics on the tooth surface are nonexistent in the early stage of
dental caries, and thus observing dental caries is difficult. Current examination uses
X-ray, which reveals tooth decay at a late stage of the disease. The properties of the
millimetre and submillimetre radiation might be used to image the decay at an early
stage of the disease.
2.3.1 Dental caries
One of the first studies of submillimetre wave application for tissue identification and
tooth decay (dental caries) was published in 1999 [21]. The measurement technique
used was TPI. The observed tooth was an extracted premolar, i.e., a tooth between
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corner (Canine) and back teeth (Molar). The tooth was approximately 9 mm thick
and the tooth was sliced in half to observe the enamel, dentine, and the root canal. In
addition, the data acquisition time was reduced by cutting the tooth. The provided
reference images provided were a photograph and a charge-coupled device (CCD)
camera image.
The study, [21], presented two different measurements conducted with TPI, refractive
index imaging and panchromatic absorption imaging. The refractive index imaging
used time-of-flight data, wherein the time delay of the transmitted waveform provided
data of the different layers as the refractive index would be different. The results
suggested that the enamel and dentine regions would have significantly different
refractive indices at submillimetre wavelengths. The root canal was not visible with
this post processing technique.
The same time-of-flight data was used to see the root canal. The peak power of the
transmitted pulse was imaged so that the panchromatic absorption would be visible
in the image. Figure 2.7 presents the results of [21] both the time delay and peak
power of the transmitted pulse. The root canal was noted to be rather lossy and the
assumption was that an empty root canal would be less absorptive than enamel and
dentine regions. Therefore, the TPI could be used to provide information about the
state of the root canal [21]. However, the tooth was examined ex vivo, and therefore,
results might be drastically different when performed with living subjects.
Figure 2.7: The results of tooth imaging reprinted from [21]. (Up)The result of time-
of-flight measurement (time delay in transmission). (Down) The result of absorption
measurement (transmitted peak power).
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2.4 Ophthalmology
Ophthalmology is the field of medicine, which focuses on diagnosis, treatment and
prevention of diseases of eyeball and orbit.
2.4.1 Corneal dystrophy
Corneal dystrophies are eye diseases that affects to the normal water-regulation
process of the cornea, and they can be divided into three groups based on the
location of the anomaly [22]. In addition, diseases, such as keratoconus, have been
reported to have non-uniform changes in hydration of the cornea [23–26]. The small
changes in hydration levels could be beneficial for millimetre and submillimetre wave
imaging techniques in examination of these diseases.
The cornea is the outermost layer of the eye with a thin tear film on top of it,
and a body of water beneath it is called the aqueous humour. Figure 2.8 shows
a simplified structure of the cornea. The stroma is the largest layer of the cornea
covering approximately 500 µm of the cornea. The other layers are about 5 - 15 µm
thick. The corneal tissue water content (CTWC) in human eye is approximately
78 %, and the central corneal thickness (CCT) is approximately 580 µm [27]. The
variation from person-to-person is estimated to be from 450 µm to 650 µm [28].
Figure 2.8: A simplified structure of human cornea. The thickness varies between
500-600 µm in a healthy cornea.
One of the first ex vivo studies of CTWC has shown excellent potential of millimetre
and submillimetre wave techniques to map the hydration level, and thus the CCT of
the cornea. In [29] a ex vivo porcine cornea was measured with a commercial TPI
system (TPS Spectra 3000 CF system by TeraView Ltd.). It uses a photoconductive
transceiver pumped with a mode-locked Ti:Sapphire laser generating a 90 femtosecond
pulse with 80 MHz pulse repetition frequency, and average output power of 280 mW.
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The signal is illuminated on the target in a 30◦ angle of incidence from the vertical
plane. The reflected signal is recorded with a reflection-mode module, from which a
6 GHz frequency resolution spectrum can be acquired in 1 second.
Four different porcine corneas with different hydration levels from 79 % to 92 % were
examined [29]. The corneas were placed in 0 %, 3 %, 5 %, and 7 % polyethylene
glycol solutions containing 0.15 mol/litre sodium chloride (NaCl) for three days
to obtain different hydration levels. Figure 2.9 presents the results of these four
measurements. A decrease in the reflectivity is observable as the frequency grows,
and the higher reflectivity of the THz wave at higher CTWC. The difference of
these hydration levels are distinguishable at the lower frequencies than at the higher
frequencies.
Figure 2.9: The results of 4 different corneal tissue water content (CTWC) profiles
of four porcine corneas reprinted from [29]. Larger differences between the CTWC
profiles is seen at lower frequencies. The reprinted figure has a typing error and the
x-axis label should read: Frequency (THz).
In addition, [29] provided the first demonstration of in vivo cornea measurement,
wherein 4 rabbit corneas where measured. The measurement system uses a Gunn
diode source. The bias voltage of the source is swept from 7 to 10 V at kHz, resulting
in a 100 GHz emitted signal with an approximately 1 GHz frequency modulated
bandwidth. The reflected signal is detected with a pyroelectric detector with 1
nW/Hz1/2 noise-equivalent power. The emitted signal is focused with a pair of
polytetrafluoroethylene (PTFE) lenses with diameter of 50 mm and focal length of
100 mm for both lenses. The focused signal illuminates the target at 10◦ angle of
incidence. The reflected signal is focused to the detector with another pair of PTFE
lenses with identical parameters.
The rabbit corneas measured in [29] were chosen because the structure, size, and
hydration is similar to humans [30]. Each one of the rabbits were anaesthetised and
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placed on a table where the eye was held open and the cornea was dried with a
gentle air blower. A thin Mylar window was gently placed on the cornea to ensure a
planar geometry of the cornea. The cornea was imaged every 10 minutes until the
water concentration did not change anymore. In addition, ultrasound pachymetry
CCT measurements of the same cornea were measured and the CTWC of the cornea
was calculated with the pachymetry data. Figure 2.10 shows the recorded THz wave
reflection coefficients of the four corneas and the ultrasound pachymetry suggested
CTWC data.
Figure 2.10: The results of 4 different rabbit corneas reprinted from [31]. The higher
reflection coefficient is observable for all subjects as the CTWC grows.
The results of the four different rabbit corneas showed positive correlation with
the reflected signal [31]. The change in the CTWC is only a few percent but the
measurement system was able to identify various CTWC profiles within the limits
with a 95 % confidence level. Tissue hydration sensitivities (TWS) were also computed
for each cornea resulting in at least 0.33 % sensitivity. Even though the sensitivity
level is less than what was expected with ultrasound pachymetry method which is
the current standard used by ophthalmologists. However, the system can only map
the CCT of the cornea due to rather large spot size of the incident signal. A broader
mapping of the fluid shifts and different thicknesses of the cornea could be measured
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with higher frequencies.
2.5 Safety concerns of electromagnetic radiation
The electromagnetic spectrum offers a non-invasive method for observing biological
tissue structure. Wavelengths longer than the visible light’s wavelength region (390 -
700 nm) may be utilised for surface observing of biological tissue. Shorter wavelengths
e.g., 100 - 10 nm, are used as radiation therapy on cancer tumours, in order to break
the biochemical structure of tumours and prevent its growth. In addition, wavelengths
of 0.01 - 10 nm are used to image bones beneath biological tissue.
The propagation depth of the radiation depends on the wavelength and the photon of
the radiation. In general the longer the wavelength is compared to the physical size
of the object the less absorption of the energy is caused by the object. However, at
extremely short wavelengths the photon enegy carries larger amount of energy than
what an atom with low binding energy can absorb and the radiation will penetrate
deeper until absorbed by an atom with high binding energy. Skin tissue cannot
absorb X-rays and the radiation is absorbed in the molecules of bone.
The electromagnetic spectrum may be divided into two categories: non-ionising and
ionising. The limit of ionising radiation depends on the energy of the photon. The
radiation is non-ionising if the energy of the photon is less than 12 eV which is the
needed amount of energy to break up skin molecules. Wavelengths from visible light
region and longer do not carry enough energy to ionise the skin molecules. However,
ionising radiation used with caution and precision may be beneficial, e.g., in radiation
therapy.
Non-ionising electromagnetic radiation (EM) may be harmful even though it is not
ionising. The harmful effects of these EM waves are divided into two categories:
thermal and non-thermal effects [32]. Known thermal effects include cataract, risen
temperature in cells, and burn wounds [33]. Therefore, the equivalent power density
must be limited to 10 mW/cm2 or less [34]. In addition, the exposure time must
be limited with increasing power densities. The primary mechanism is that the
power radiated on biological tissue is absorbed in the water molecules of the tissue.
The harmful non-thermal effects include headache, fatigue, and insomnia. The
mechanisms of these effects are not known and their existence is disagreed upon in
the scientific community.
2.6 Maxwell’s equations
The way electromagnetic fields are understood today would certainly be different
if Maxwell had not published [35] in 1873. Although the combination of these
fundamental equations for electromagnetic field theory are known as Maxwell’s
equations he based his work on empirical and theoretical work made by Faraday,
Gauss, Ampere, and many others [36]. In addition, the vector forms presented next
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where introduced in 1882 by Gibbs and Heaviside [37]. By combining the work of
others Maxwell was able find relations between the electric field intensity E(r, t),
magnetic field intensity H(r, t), electric current density J(r, t), and magnetic current
density Jm(r, t). All of the quantities presented depend on the location r and time t.
The first fundamental law is called Faraday’s law
∇× E(r, t) = −∂B(r, t)
∂t
− Jm(r, t), (2.6.1)
where B(r, t) is the magnetic flux density. The second law is called Ampere’s law
∇×H(r, t) = ∂D(r, t)
∂t
+ J(r, t), (2.6.2)
where D(r, t) is the electric flux density. The third and fourth laws are called Gauss
laws for electric and magnetic sources and they are
∇·D(r, t) = %(r, t) and (2.6.3a)
∇·B(r, t) = 0, (2.6.3b)
where %(r, t) is the electric charge density. As Pozar states in [36] these cannot be
related to each other in time-domain because of the phase difference. However, if
time harmonic fields are considered, a relation can be found between the vectors.
Lindell explains in [38] that for the most general linear, local, and non-dispersive
medium the relations can be found as
D = ε ·E+ ξ ·H and (2.6.4a)
B = ζ ·E+ µ ·H, (2.6.4b)
where ε is the absolute dyadic permittivity, µ is the absolute dyadic permeability.
The ξ and ζ are magnetoelectric coupling dyadics. However, the media studied in
this work are considered isotropic, i.e., the direction of the wave in the medium is
uncorrelated to the medium parameters. Therefore, the medium parameters modify
to
ε = ε, (2.6.5a)
µ = µ, and (2.6.5b)
ζ = ξ = 0. (2.6.5c)
The equations (2.6.4a) and (2.6.4b) yield to
D = εE and (2.6.6a)
B = µH. (2.6.6b)
The absolute permittivity ε is the measure of resistance, e.g., a electromagnetic wave
encounters when it creates an electric field in a medium. The absolute permittivity
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ε is considered to be constructed of a relative part εr and an electric constant
ε0 ≈ 8.854× 10−12 F/m, and thus the absolute permittivity is
ε = εrε0. (2.6.7)
The absolute permeability µ describes the formation of a magnetic field in a medium.
The absolute permeability is generally defined similarly as the absolute permittivity.
However, the materials studied in this thesis are nonmagnetic, and thus the relative
permeability is considered µr = 1 and for all materials the absolute permeability is
µ = µ0 ≈ 4pi × 10−7H/m. (2.6.8)
The relative permittivity may be a complex number, and the imaginary part describe
the losses in a particular medium. The relative permittivity may be further expanded
as
εr = ε
′
r − jε
′′
r , (2.6.9)
where ε′r is the real part of the relative permittivity, j is the imaginary unit, and ε
′′
r
is the imaginary part of the relative permittivity. Furthermore, for passive material
the ε′′r must be real and non-negative [38]. In literature the losses of the material is
are often reported with the loss tangent tan δ, which is defined as
tan δ = ε
′′
r
ε′r
. (2.6.10)
2.7 Propagation of an electromagnetic wave
2.7.1 Time-harmonic fields
Often it is convenient to consider only time-harmonic fields that oscillates sinusoidally
at a certain angular frequency ν. Time-harmonic fields are convenient for computation
and analysis of electromagnetic fields. In this work the fields are considered to be
complex valued vectors and the applied time convention is ejνt. The time derivatives
in the Maxwell equations may be substituted by jν, and the Maxwell equations read
∇× E(r) = −jνB(r)− Jm(r), (2.7.1a)
∇×H(r) = jνD(r) + J(r), (2.7.1b)
∇·E(r) = %(r)
ε
, and (2.7.1c)
∇·H(r) = 0. (2.7.1d)
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2.7.2 Plane waves
In most cases the propagating plane waves are described as infinite parallel planes as
in [39]. The plane waves propagate in the direction given by the wave vector k. If k
propagates in +uz direction it can be written as,
k = kuz, (2.7.2)
where k is the wavenumber. For time-harmonic plane waves in sourceless medium
the Maxwell equations may be written by replacing ∇ with k as
k× E(z) = νB(z), (2.7.3a)
k×H(z) = −νD(z), (2.7.3b)
k ·E(z) = 0, and (2.7.3c)
k ·H(z) = 0. (2.7.3d)
The angular frequency ν of the electromagnetic wave defined as
ν = 2pif, (2.7.4)
where f is the frequency of the electromagnetic wave. The frequency can be deter-
mined as
f = vp
λ
, (2.7.5)
where vp is the phase velocity of the propagating wave and λ is the wavelength of the
wave. The velocity of the wave depend on the material parameters of the medium as
vp =
1√
εµ
= c√
εr
, (2.7.6)
where c is the speed of light in vacuum. The phase velocity relates to the wavenumber
as
k = ν
vp
= 2pi
λ
. (2.7.7)
The wavenumber k is the measure of spatial frequency of a wave. The wavenumber
for a wave propagating in vacuum k0 is defined as
k0 =
2pi
λ0
, (2.7.8)
where λ0 is the wavelength of the propagating wave in vacuum defined as
λ0 =
c
f
. (2.7.9)
In addition the wavenumber depends on the material parameters, and thus, the
wavenumber is complex if εr is complex. Furthermore, the wavenumber may be
expanded as
k = k0
√
εr = k0n, (2.7.10)
where n = √εr is the refractive index of the medium.
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2.8 Reflection and transmission from an interface
When a travelling wave from a medium 1 with refractive index n1 comes to a boundary
at z = 0 to medium 2 with refractive index n2, a portion of the wave is reflected
away from the boundary and other part is absorbed, or transmitted, in to the other
medium [36]. Let us consider a plane wave, which travels perpendicularly in uz
direction as in [40]. For simplicity the incident electric field Ei(z) is assumed to be
linearly polarised in ux direction, and the incident magnetic field Hi(z) is assumed
to be linearly polarised in uy direction. Figure 2.11 demonstrates such incidence of
an EM wave at the boundary of two dielectric half-spaces.
Figure 2.11: Geometry of a plane wave at the boundary of two dielectric half-spaces.
The incident fields can be written as
Ei(z) = uxEi+e−jk1z + uxEi−ejk1z and (2.8.1a)
Hi(z) = uy
Ei+
η1
e−jk1z − uyEi−
η1
ejk1z, (2.8.1b)
where Ei+ and Ei− are the amplitudes of incident electric field and reflected electric
field respectively, k1 is the wavenumber in medium 1, and η1 is the wave impedance
in medium 1. The wave impedance η describes the ratio of the electric and magnetic
field amplitudes as
η =
√
µ0

. (2.8.2)
The transmitted fields Et and Ht in medium 2 are defined as
Et(z) = uxEt+e−jk2z and (2.8.3a)
Ht(z) = uy
Et+
η2
e−jk2z, (2.8.3b)
where Et+ is the amplitude of the transmitted field, k2 is the wavenumber in medium 2,
and η2 is the wave impedance in medium 2. The reflection coefficient at the boundary
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can be solved from two boundary conditions, wherein the tangential components (ux
and uy) of both electric and magnetic fields must be continuous
Ei(0) = Et(0) and (2.8.4a)
Hi(0) = Ht(0). (2.8.4b)
These conditions yield
Ei+ + Ei− = Et+ and (2.8.5a)
Ei+
η1
− Ei−
η1
= Et+
η2
. (2.8.5b)
Now the reflection coefficient at the boundary R can be solved from (2.8.5) as
R = Ei−
Ei+
= η2 − η1
η2 + η1
=
√
ε1 −√ε2√
ε1 +
√
ε2
, (2.8.6)
where ε1 is the relative permittivity in medium 1, and ε2 is the relative permittivity
in medium 2. Similarly the transmission coefficient can be solved from (2.8.5) as
T = Et+
Ei+
= 2η2
η2 + η1
= 2
√
ε1√
ε1 +
√
ε2
. (2.8.7)
For oblique incident fields the reflection and transmission coefficients for perpendicular
and parallel polarisation at the boundary can be solved in the same manner as above
by enforcing Snell’s law and assuming that all of the exponential functions are
equivalent [36,40].
2.9 Material measurements
Electrical and magnetic properties of materials affect the propagation of EM waves in
a medium. These properties must be known in order to design electrical circuits and
electrical components [41]. Physical properties of materials may be determined by
measuring permittivity and permeability of the materials. The relative permittivity
of biological tissue is assumed to be mostly defined by the water content of the tissue.
2.9.1 Resonator method
The resonator method is a material measurement method were the material under
test (MUT) is placed inside the resonator [41]. The MUT inside the resonator will
change the loaded quality factor and resonance frequency of the cavity, and therefore,
the permittivity of the MUT can be computed, in the case of fully loaded cavity as
Re[√εr] = fr0
fr
, (2.9.1)
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where εr is the complex relative permittivity of the MUT, fr0 is the resonant frequency
of empty cavity, and fr is the resonant frequency of fully loaded cavity.
The quality factor of the resonator denotes the under-dampness of the resonator,
and it is defined as
Q = 2pi × energy storedenergy dissipated per cycle . (2.9.2)
The dissipated energy is inversely proportional to the loaded quality factor, QL, and
can be resolved into different loss factors as,
1
QL
= 1
Qe
+ 1
Q0
and (2.9.3a)
1
Q0
= 1
Qm
+ 1
Qr
+ 1
Qd
, (2.9.3b)
where Qe is the external quality factor, and Q0 is the unloaded quality factor. In
addition, Qm represents the power lost in the metal walls of the resonator, Qr is the
radiation quality factor, and Qd is the MUT quality factor.
The loaded quality factor can be measured either from reflection measurement or
transmission measurement. In both cases the QL is computed from the half-power
bandwidth B−3dB as
QL =
fr
B−3dB
. (2.9.4)
From reflection measurement the unloaded quality factor is calculated from
Q0 ≈ 2QL1 + |R| , if Qe > Q0 and (2.9.5a)
Q0 ≈ 2QL1− |R| , if Qe < Q0, (2.9.5b)
where R is the reflection coefficient. For transmission measurement the Q0 can be
determined from
Q0 ≈ QL1− |T | , (2.9.6)
where T is the transmission coefficient.
The radiation quality factor may be determined from measuring two similar resonators
with different metals. If a closed resonator is used, wherein Qr ≈ ∞, the Q0 = Qm0
at the frequency of fr0. The Qm of a fully loaded resonator is proportional to the
square root of the used frequency. Moreover, the quality factor of the MUT is then
Qd =
ε
′
r
ε′′r
, (2.9.7)
where ε′r is the real part and ε
′′
r the imaginary part of the relative complex permittivity
of the MUT. Correspondingly the imaginary part can be determined as
ε
′′
r = ε
′
r(
1
Q0
− 1
Qm0
− 1
Qr
√
fr0
fr
). (2.9.8)
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The resonator method for material measurements at millimetre wavelengths is the
open quasi-optical resonator. Figure 2.12 illustrates the open quasi-optical resonator.
Small ε′′r is possible to determine with this resonator, since the unloaded quality
factor is large (Q0 ≥ 105) [41].
Figure 2.12: The open quasi-optical resonator system in transmission mode. The
MUT with permittivity εr is placed inside the quasi-optical system. The incident
signal Ei is radiated from Input and the transmission signal Et is recorded at Output.
In addition, the reflected Er is recorded at Input.
2.9.2 Free-space method
A simple method to determine the dielectric properties of the material under test
(MUT) is to use the free-space method, wherein the radiated power from one antenna
to another is measured. The electrical properties of a MUT may be measured using
reflection measurement or transmission measurement. Figure 2.13 shows the two
measurement systems. The materials must be large enough so that incident beam
covers the sample [42]. The method is suitable for frequencies typically over 5 GHz,
so that the diffraction at the boundaries of the MUT is minimal [41].
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Figure 2.13: The free-space method systems. (a) The reflection measurement and
(b) the transmission measurement.
The reflection coefficient for the incident plane wave Γr is determined as
Γ = (1− e
−2jkrlr)R
1−R2e−2jkrlr , (2.9.9)
where R is the boundary reflection coefficient defined by (2.8.6), kr the wavenumber
in the MUT defined by (2.7.10), and lr is the thickness of the MUT. Similarly the
transmission coefficient for the plane wave T is determined as
T = (1−R
2)e−jkrlr
1−R2e−2jkrlr . (2.9.10)
At millimetre wavelengths the free-space method often requires a quasi-optical
waveguide constructed of mirrors to modify the beam size at the MUT. The quasi-
optical system used in the experimental part of this work is presented in Section
3.1.
2.10 Numerical methods
The numerical tool used in this thesis is MATLAB from MathWorks [43]. MATLAB
is used to calculate the simulated reflections of human tissue and reference materials
used to validate the functionality of the measurement system. In addition, MATLAB
is used in signal processing and presenting of the measurement data. The cornea
was chosen as the simulated biological structure due to its suitability for in vivo
millimetre wavelength measurement presented in [7, 31].
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2.10.1 Double-Debye model
The water concentration in human tissue is between 20 % to 80 % depending on
the type of the tissue [44, 45]. The relevant information measurable of the tissue
with millimetre and submillimetre wavelengths is the water concentration, and
therefore, the effective permittivity of the tissue structure. The effect of other
particles in the cornea, such as, scars or fibres, to the effective permittivity is nearly
nonexistent because of their small size (< 50 µm, [7]) relative to the wavelengths
used in simulations (λ0 ≥ 900 µm).
At millimetre and submillimetre wavelengths the dispersive permittivity of water
may be modelled with double-Debye method [46]. The model described by Liebe,
Huffor, and Manabe, [46], assumes distilled water, and the model is accurate up to 1
THz. The double-Debye model is defined as
εw(f, Tw) = ε∞(Tw) +
εs(Tw)− εs2(Tw)
1 + jf/f1
+ εs2(Tw)− ε∞(Tw)1 + jf/f2 , (2.10.1)
where εw(f, Tw) is the complex permittivity of water at the frequency f , εs(Tw) is
the permittivity of water at frequency f = 0, εs2(Tw) is the first high-frequency
constant, ε∞(Tw) is the second high-frequency constant. In addition, f1 and f2 are
the relaxation frequencies of water. All of these quantities depend on the ambient
temperature Tw.
Figure 2.14 illustrates the real and imaginary part of the complex permittivity of
distilled water from 200 GHz to 350 GHz and temperature Tw = 35 ◦C computed
with (2.10.1). The temperature of 35 ◦C was chosen since the ambient temperatures
of 20-30 ◦C were reported in [47] to be resulting in temperature of 35 ◦C in the
human cornea. Table 1 displays the approximate parameters used in (2.10.1) to
calculate the complex permittivity of distilled water. The permittivity of water is
εw ≈ 6− j7 at 200 GHz and εw ≈ 5− j4.5 at 350 GHz.
Figure 2.14: The relative permittivity of water calculated with (2.10.1). ′r is the real
part of the relative permittivity, and ′′r is the imaginary part of relative permttivity.
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Table 1: The parameters used to calculate the relative permittivity response illus-
trated by Figure 2.14.
Parameter (relative) Quantity
ε∞ ≈ 3.7189
εs ≈ 74.9279
εs2 ≈ 3.7189
f1 ≈ 24.3 GHz
f2 ≈ 967 GHz
The physiological liquid in the human tissues is not pure or distilled water, but rather
0.9 % saline solution. The dispersive response of water changes as ions are added
to the medium. The double-Debye model for such liquids at far end of millimetre
and submillimetre wavelengths has not been published, to the best knowledge of this
author. However, models of seawater permittivity with altering salt concentration at
microwave and low end of millimetre wavelengths have been published. A seawater
permittivity model proposed by Meissner and Wentz is claimed to be valid up to
90 GHz and temperatures between -2 ◦C to +29 ◦C and salinity of 2 parts per
thousand (ppt) to 40 ppt [48]. This model is used to further analyse the effect of
physiological liquids in the human tissue. The tissue models proposed at millimetre
and submillimetre wavelengths assume distilled water and not a physiological solution,
to the best knowledge of the author.
The model presented in [48] is an extension of the double-Debye model, where the
conductivity of water is added to the double-Debye model. In addition, the salinity
concentration, S, changes the relaxation times and adds fitting parameters to the
double-Debye model. The seawater model is described as
εw(f, Tw) = ε∞(Tw) +
εs(Tw)− ε1(Tw)
1 + jf/f1
+ ε1(Tw)− ε∞(Tw)1 + jf/f2 − j
σ(Tw, S)
2piε0
, (2.10.2)
where σ(Tw, S) is the conductivity of the seawater, and ε0 is the permittivity in
vacuum. Figure 2.15 shows the complex permittivity of 0.9 % saline solution from
200 GHz to 350 GHz at Tw = 35 ◦C computed with (2.10.2). The permittivity at
200 GHz is εw ≈ 5.5 − j3450 and at 350 GHz εw ≈ 4.8 − j1940. The used model
does not fit in the limits suggested in [48], and thus, the permittivity values may be
erroneous and further research of the saline solution permittivity at millimetre and
submillimetre wavelengths is required for an accurate model.
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Figure 2.15: The relative permittivity of saline solution calculated with (2.10.2). ′r is
the real part of the relative permittivity, and ′′r is the imaginary part of the relative
permittivity.
2.10.2 Stratified medium model
A realistic medium is seldom homogenous. If a medium is not homogenous it is
considered to be heterogenous or stratified. The electrical properties of a heterogenous
medium depend on the location in the medium. In comparison, the electrical
properties of a homogeneous medium do not depend on the location in the medium.
The stratified, or multilayer, medium is often modelled by dividing the thickness of
the medium to smaller slabs. Each slab is further assumed to have its own absolute
permittivity. Figure 2.16 shows a general case stratified structure, wherein the
medium has been divided into N dielectric slabs of equal thickness. Moreover, there
are N + 1 interfaces and N + 2 dielectric media due to the bordering half-spaces in
front of and behind the stratified structure.
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Figure 2.16: A model of stratified medium constructed of N equal length slab. The
εa and εb are absolute permittivities of the bordering half-spaces of the stratified
medium.
The absolute permittivity of particular slab can be calculated with several different
mixing equations, and in [49] different mixing equations are presented and analysed
for different geometries. The stratified structure of the cornea may be calculated with
binary-mixture Bruggeman model presented in [50]. The model was first presented
by Bruggeman in [51]. The collagen fibre and water of the cornea are thought to be
the main factors of the absolute permittivity of the cornea εcornea [7, 29,31]. In the
Bruggeman model for the cornea, such as used in [31], the thickness of the cornea
lcornea is divided into N equal length slabs. The relative permittivity of slab i εcornea,i
may be calculated as
pw,i(
εcornea,i − εw
2εcornea,i + εw
) = (pw,i − 1)( εcornea,i − εcollagen2εcornea,i + εcollagen ) ∀i ∈ [1, N ], (2.10.3)
where pw,i is percentile of water in the layer i, εcollagen is the frequency independent
relative permittivity of collagen fibre, and εw is the relative permittivity of water
defined by (2.10.1). The collagen fibre and water cannot be volumetrically separated,
and thus, εcornea,1 = εcollagen and εcornea,N+1 = εw [7]. In addition, pw,N denotes the
overall corneal tissue water content as pw,N = CTWC.
2.10.3 Reflection from a stratified medium
The reflection from a stratified medium may be described as thin film interference. A
thin film interference denotes a phenomenon wherein reflected electromagnetic waves
of the upper and lower part of a medium interfere with each other. The thickness
of the medium, angle of incidence, and the frequency of the wave result in phase
difference between the reflected waves, and thus the overall reflected wave front adds
up either constructively or destructively. The rainbow colours seen on a water puddle
with a thin oil film is an example of such thin film interference. However, the overall
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reflected response from a stratified medium, such as the cornea, cannot be solved as
a thin film interference. Fortunately, the overall reflection response may be solved
with variety of ways, e.g., by the propagation of the impedances at the interfaces,
the propagation of the reflection responses, or the propagation matrices [52].
The overall reflection response Γ1 = E1−/E1+ for a homogenous slab may be computed
with the propagation of the reflection responses as
Γ1 =
R1 +R2e−2jδ
1 +R1R2e−2jδ
, (2.10.4)
where R1 and R2 are the reflection coefficients at interfaces 1 and 2 defined by (2.8.6).
δ is the effective electrical length of the homogenous slab defined as
δ = k0lr
√
εr, (2.10.5)
where k0 is the wavenumber in vacuum defined by (2.7.8), lr is the thickness of the
slab, and εr is the relative permittivity of the slab.
The overall reflection response Γ1 may be further generalised for stratified medium
by computing the reflection responses recursively starting from the interface N + 1
illustrated by Figure 2.16. The recursion reads
Γi =
Ri + Γi+1e−2jδi
1 +RiΓi+1e−2jδi
, i = N,N − 1, .., 1, (2.10.6)
where Γi is the reflection response of slab i, Ri is the reflection coefficient at interfaces
i, δi is the effective electrical length of slab i, and Γi+1 is the reflection response of slab
i+ 1. The recursion is initialised by ΓN+1 = RN+1, since no backward propagating
wave is assumed from medium N + 2.
2.10.4 Simulated reflection response of human tissue
The simulated overall reflection response Γ1 of cornea was computed for 300 CCT
values ranging from 400 µm to 700 µm and 300 CTWC values ranging from 0.77 to
0.79. Moreover, two different media were considered: one homogenous layer and a
heterogenous layer. The thickness of the homogenous layer was defined as lr = CCT
and the relative permittivity of the layer was computed with pw,1 = CTWC.
The heterogenous layer was divided into N = 70 equal thick slabs as
N∑
i=1
li = CCT. (2.10.7)
The relative permittivity of each slab was computed with (2.10.3) such that the water
fraction part pw,1 = 0 and pw,N = CTWC.
The simulation was computed with two frequencies 220 GHz and 320 GHz. The
atmospheric attenuation is relatively low between 220 - 320 GHz. Figure 2.17 presents
the atmospheric attenuation of air from 100 GHz to 500 GHz.
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Figure 2.17: Atmospheric attenuation between 100 - 500 GHz. A broad transmis-
sion window centred at 260 GHz is visible. Figure created according to ITU-R
Recommendations ITU-R P.676-9.
Furthermore, scattering from rough surfaces might cause problems with the measure-
ments. If the surface roughness of the target is close to the wavelength of the incident
wave, i.e., the surface is not smooth relative to the incident signal, the object loses
its specularity. The typical features of human tissue range from 100’s of µm to 1
mm [53]. Therefore, lower frequencies provide less scattering of the reflected signal.
For imaging systems, such as presented in [7], the chosen frequency range has to be
a compromise between the hydration sensitivity, scattering, and spatial resolution.
As concluded above the lower frequencies are better for minimising scattering and
maximising hydration sensitivity. However, the spatial resolution improves with the
higher frequencies due to the smaller beam waist radius of the incident beam.
Figure 2.18 presents the simulated amplitude and phase responses of the reflection
coefficient computed with (2.10.6) for each CCT and CTWC value. The tissue in this
case is assumed to be a homogenous layer consisting of collagen fibre and distilled
water. The permittivity of water is computed with (2.10.1).
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Figure 2.18: Simulated reflection coefficients of cornea model with one homogeneous
layer and distilled water at 220 GHz and 320 GHz. (a) Amplitude response of the
reflection coefficient at 220GHz, (b) phase response of the reflection coefficient at
220 GHz, (c) amplitude response of the reflection coefficient at 320 GHz, and (d)
phase response of the reflection coefficient at 320 GHz.
The amplitude responses at 220 GHz in Figure 2.18 (a) indicate that higher CTWC
values result in stronger reflection. The difference between the amplitudes is about
0.6 % or less when the CTWC value changes from 77 % to 79 %. The phase responses
at 220 GHz in Figure 2.18 (b) present a difference of 0.09 degrees or less. The
amplitude responses at 320 GHz in Figure 2.18 (c) indicate also that higher CTWC
values result in stronger reflection. However, the difference in the amplitudes at 320
GHz is less than at 220 GHz, about 0.5 % or less when the CTWC value changes
from 77 % to 79 %. The phase responses in Figure 2.18 (d) indicate larger variation
of the phase response, about 0.12 degrees or less, when the CTWC value changes
from 77 % to 79 %.
Figure 2.19 presents the amplitude and phase responses at 220 GHz and 320 GHz
simulated with the stratified media model. The layer is assumed to be consisting of
70 layers homogenous media with increasing water fraction part towards the aqueous
humour.
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Figure 2.19: Simulated reflection coefficients of cornea model with 70 layers and
distilled water at 220 GHz and 320 GHz. (a) Amplitude response of the reflection
coefficient at 220GHz, (b) phase response of the reflection coefficient at 220 GHz, (c)
amplitude response of the reflection coefficient at 320 GHz, and (d) phase response
of the reflection coefficient at 320 GHz.
The reflection coefficients with stratified media model results in different amplitude
and reflection responses. The reason might be that the first layer i = 1 is assumed
to be dry, i.e., pw,1 = 0. This assumption is unphysical even if only a small part of
the model is assumed to be dry. The reflection from the first layer might the reason
why the amplitude and phase responses are different. The results suggest that higher
CTWC values would not result in stronger reflection.
Figure 2.20 illustrates the amplitude and phase responses at 220 GHz and 320 GHz
simulated with one homogenous layer. The layer is assumed to be consisting of
collagen fibre and 0.9 % saline solution. The saline solution permittivity is calculated
with (2.10.2).
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Figure 2.20: Simulated reflection coefficients of cornea model with one homogenous
layer and saline solution at 220 GHz and 320 GHz. (a) Amplitude response of the
reflection coefficient at 220GHz, (b) phase response of the reflection coefficient at
220 GHz, (c) amplitude response of the reflection coefficient at 320 GHz, and (d)
phase response of the reflection coefficient at 320 GHz.
The amplitude and phase responses of both frequencies present almost identical
images. The reason is might be the permittivity model used to compute the saline
solution permittivity. However, the amplitude responses of both frequencies indicate
that higher CTWC value results in stronger reflection. At 220 GHz the difference
in the amplitude responses is 0.05 % when the CTWC value changes from 77 % to
79 %, likewise at 320 GHz the amplitude changes 0.07 % when the CTWC value
changes from 77 % to 79 %.
Figure 2.21 presents the amplitude and phase responses of the reflection coefficient
at 220 GHz and 320 GHz computed with the stratified media model. The layer
is assumed to be consisting of 70 layers homogenous media with increasing water
fraction part towards the aqueous humour.
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Figure 2.21: Simulated reflection coefficients of cornea model with 70 layers and
saline solution at 220 GHz and 320 GHz. (a) Amplitude response of the reflection
coefficient at 220GHz, (b) phase response of the reflection coefficient at 220 GHz, (c)
amplitude response of the reflection coefficient at 320 GHz, and (d) phase response
of the reflection coefficient at 320 GHz.
Figure 2.21 indicate similar results as those in Figure 2.19, wherein the higher CTWC
value does not result in stronger reflection. The reason might be again because of
the assumed dry layer. More accurate stratified media models the lower and higher
CTWC of the cornea model should be determined.
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3 Measurement system and measurements
3.1 Quasi-optics
Quasi-optical system can be designed for large frequency bands or single frequency sys-
tems. The designed systems can be simple with few quasi-optical components or more
complex systems with multiple lenses, mirrors, resonant grids, and frequency-selective
surfaces to name a few. The quasi-optical system design begins by determining the
architecture and quasi-optical components. The component requirements are followed
by the selection of the source of the Gaussian beam, which determines the beam
waist radius ω0 of the radiated beam. In addition, components are selected by the
critical beam waist radii at the quasi-optical components. The design procedure is
then followed by developing the quasi-optical configuration. In addition, calculating
the losses and coupling trough the system is critical before implementing the designed
system.
3.1.1 Gaussian beam
In quasi-optical systems the propagating wavefront is described as a Gaussian beam.
The Gaussian beam is an effective tool for designing a quasi-optical system. A
Gaussian beam is often produced by a corrugated horn antenna, from which 98 % of
the power radiated is of the first mode of the Gaussian beam [54].
The corrugated horn radiates a Gaussian beam with a beam waist radius ω0. As the
beam propagates the beam radius changes as
ω(z) = ω0
√
1 + ( λ0z
piω20
)2, (3.1.1)
where λ0 is wavelength of the wave in vacuum, and z is the propagation distance
of the wave from the phase centre of the radiating element, e.g., corrugated horn
antenna. Figure 3.1 illustrates the equiphase surfaces of the propagating Gaussian
beam.
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Figure 3.1: Representation of a Gaussian beam propagation. The dashed lines
represents the equiphase surfaces, ω0 is the beam waist radius at z = 0, ω is the
beam radius, Rc is the radius of curvature, and zc is the confocal distance.
The radius of curvature of the propagating beam Rc changes as the beam propagates:
Rc(z) = z[1 + (
piω20
λ0z
)2]. (3.1.2)
Following from (3.1.2) at the origin of the beam Rc(0) =∞ and the wave front is
planar. This leads to defining the minimum radius of curvature, which is called the
confocal distance as in [55] or Rayleigh range as in [56]. The confocal distance zc is
defined as
zc =
piω20
λ0
. (3.1.3)
3.1.2 Dual-mode horn
Horn antennas are used as sources of Gaussian beams as discussed above. The best
choice is a corrugated horn [54,55]. Other good sources for Gaussian beams are Potter,
diagonal, pyramidical, and conical. Also several integrated antennas are possible to
implement as source of Gaussian beams [54]. In this thesis a modified dual-mode
Potter horn antenna, i.e., Pickett-Potter horn, is used and the antenna is introduced
in [57]. The main advantage of the Pickett-Potter horn is its simple construction.
Another advantage is its nearly as efficient radiation at the fundamental Gaussian
beam mode as that of a corrugated horn [55]. Main disadvantage of a dual-mode
horn is its smaller bandwidth compared with a corrugated horn [54], about 10 %
from the centre frequency. Figure 3.2 presents a dual mode horn structure.
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Figure 3.2: The design structure of Pickett-Potter horn antenna. pc is the phase
centre of the horn, L is the length of the horn, and a is the aperture radius of the
horn.
The aperture radius a illustrated in Figure 3.2 is specified as
a ≈ 3.2λcentre, (3.1.4)
where λcentre is the centre wavelength radiated from the antenna. Length of the horn
L is specified as
L ≈ 10.62λcentre. (3.1.5)
In addition, the distance of the phase centre pc from the aperture is specified at
centre frequency as in [57] as
pc ≈ 6.46λcentre. (3.1.6)
The beam waist radius ω0 at pc for a Pickett-Potter or other dual-mode antennas is
specified as in [55,58]
ω0 ≈ 0.59033a, (3.1.7)
where a is the horn radius. The equal waist position zA is specified as in [56,58]
zA ≈ L sin2(ΦA), (3.1.8)
where ΦA is given by
ΦA ≈ tan−1(piω
2
0
λL
). (3.1.9)
The taper angle of the Pickett-Potter is normally θ0 = 13.5◦ for a optimal beam-
width [54, 59]. In addition, it is worth noting that the equal waist position zA differs
from the phase centre, pc, slightly [58].
The phase centre pc changes as the radiated frequency changes, and thus, the Pickett-
Potter horn may only be used with small bandwidths. If the pc is assumed to be
linearly changing from 220 - 330 GHz the difference would approximately 49.90
mm. This would mean that pc is behind the horn horn at 330 GHz (L = 11.7 mm).
However, Equation (3.1.6) is only valid at the centre frequency of the horn, and thus,
more study on how pc changes as function of the used frequency is needed.
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3.1.3 Reflectors
Traditional waveguides are generally considered too lossy for millimetre waves [54]. In
quasi-optical systems the technique to focus and shape the beam is called beam waveg-
uides [1]. The beam waveguides are composed of different quasi-optical components.
Lenses, mirrors, dielectric film, different interferometers, and frequency selective films
and discs are some quasi-optical components used in beam waveguides [54]. Mirrors
are usually used in off-axis (OAP) configuration, where the reflector is placed at an
angle to the propagation axis.
The Gaussian beam can be focused on a point with a parabolic or ellipsoid mirror [60].
In the millimetre wavelength region the absorption of the mirrors is only about 0.1
% [54]. The antenna phase centre defines the radiating point of the Gaussian beam.
The distance where the mirror should be placed depends on the effective local length
of the mirror [55]. The distance from the antenna phase centre to the mirror must
be almost the same as the effective focal length of the reflector [55,58]. The beam
starting point zA can be calculated from (3.1.8).
There are some problems that arise from using mirrors. First problem is that the
reflectors are not thin, and thus the beam is distorted by the different lengths to
the surface of the mirror. In addition, the intensity changes as the beam propagates
and thus will distort the signal. Lastly the reflectors cause cross-polarisation to the
signal. With two mirror system the cross-polarisation and amplitude distortion can
be sufficiently compensated [54].
Two OAP mirrors form a waveguide that transforms a beam waist radius, ωin, at the
focal point of the first OAP to a beam waist radius, ωout at the focal point of the
second OAP. The magnification, M, of the beam waist radius is defined as in [61] as
M = flin
flout
, (3.1.10)
where flin is the effective focal length of the first mirror, and flout is the effective
focal length of the second mirror.
The quasi-optical components, such as the OAP mirror, is chosen such that the power
that spills over the component is negligible. The phenomenon is known as edge taper
TE, and it is specified as the ratio between the diameter of the component Dm and
the beam waist radius of the incident beam at the component ω
Dm
ω
=
√
2ln(TE). (3.1.11)
The power that is lost is then 1/TE. Generally the diameter is chosen to be 4ω
(TE ≈ 0.034 %) to ensure almost 100 % transmission from the mirror, however, in
some systems diameter of Dm = 3ω is sufficient (TE ≈ 1.11 %) [54].
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3.2 Measurement setup
The measurements were done with a Keysight N5225A Performance Network Analyzer
(PNA) [62] and a Virginia Diodes Vector Network Analyzer Extension Module
(VNAX) [63] as the signal generator. The radiation source used was a Radiometer
Physics Pickett-Potter Dual Mode horn antenna for frequency range 220 - 325
GHz [64]. The used reflectors were from Edmund Optics [65] and the building blocks
as well as the optical breadboards were from Thorlabs [66].
The millimetre extension module and the horn system was placed on an optical table.
The quasi-optical waveguide (QOW) was built also on the optical table. The first
OAP had a diameter of 76.2 mm and focal length of 76.2 mm [65]. The horn antenna
was placed a little less than the focal length away from the first mirror. The second
mirror of the waveguide was placed 28 cm away from the first mirror and the mirror
was turned 90◦ in order to direct the beam downwards. The second mirror had a
diameter of 76.2 mm and focal length of 152.4 mm. Figure 3.3 shows the waveguide
and horn antenna on the optical table.
Figure 3.3: The horn antenna in front of the quasi-optical waveguide.
The distance between the horn and the first reflector was mechanically measured.
The flat reflector presented by Figure 3.4 was placed 152.4 mm from the second
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mirror and the horn was moved towards the first mirror mechanically. The peak
maximum amplitude was then observed and thus the optimal distance was found for
the horn and the first mirror. However, the distance of maximum reflection changes
since the phase centre pc changes as the frequency of the wavefront changes, and thus,
the determination of exact distances is ambiguous. Figure 3.4 shows the feed horn,
QOW, translational stage and a flat reflector as the whole measurement system.
Figure 3.4: The final built far end of the measurement setup.
3.2.1 Technical summary
The used equipment, their specifications, and distances between the equipment are
summarised in Table 2. The distances are specified for flat reflector measurement.
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Table 2: The dimensions of the reflectors, distances d1 and d2, and minimum beam
waist radii ω01 and ω02 of the reflectors.
Mirror M1 M2
Focal length 76.2 mm 152.4 mm
Diameter 76.2 mm 76.2 mm
d1 76.2 mm -
d2 - 152.4 mm
ω01 2.268 mm -
ω02 - 4.536 mm
Table 2 denotes the focal lengths of the waveguide mirrors as well as their diameters.
d1 indicates the distance where the phase centre point of the horn antenna is placed
from the centre of the first OAP. d2 indicates the distance where the flat reflector is
placed from the centre of the second OAP. The beam waist radii, ω01 and ω02, are
the beam waist radii the beam has at the focal points of each mirror.
The beam waist radius ω0 ≈ 2.27 mm of the Gaussian beam calculated from (3.1.7)
for a Pickett-Potter horn antenna at 272.5 GHz. The equivalent waist position zA,
i.e., the position where the beam is expected to radiate, calculated from (3.1.8) is
7.15 mm from the edge of the aperture. The difference between zA and the phase
centre point pc ≈ 37.61 µm, meaning that the radiation position is almost the same
as the phase centre.
3.3 Materials under test
3.3.1 Planar mirror
The first material under test (MUT) measured was a planar reflector. The primary
idea behind the planar reflector (or rather planar mirror) measurement was to
determine the overall functionality of the setup, i.e., to see that the measured
amplitude was actually measured from the MUT through the quasi-optical waveguide
(QOW). Figure 3.5 shows the planar mirror used in the measurements. The first
processed results of the mirror measurement indicated that there was aliasing in the
system. Aliasing and how it was managed is described in Chapter 4 in detail.
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Figure 3.5: The measured flat reflector.
3.3.2 Cyclic-olefin copolymer
A Cyclic-olefin copolymer (COC) piece of 6 cm wide, 6 cm long from TOPAS
Advanced Polymers was measured on an absorber [67]. The average thickness of 1.98
mm was measured with a dial thickness gauge from Käfer [68] . The COC piece was
placed at the reference plane specified by the planar mirror. Beneath the piece was a
few centimetre air gap and a piece of radar absorbing material (RAM). A RAM has
low reflectivity and thus the reflections could be considered to be caused only by the
material under test (MUT). Figure 3.6 shows the measured COC piece.
42
Figure 3.6: The measured TOPAS Cyclic-olefin copolymer (COC) piece on radar
absorbing material (RAM).
3.3.3 Silicon
The next material measured was a 1.5 cm wide and 2.5 cm long piece of silicon. The
thickness of the piece was measured with a dial thickness gauge from Käfer [68]. The
average thickness of the piece was measured to be 510 µm. Figure 3.7 shows the
silicon piece now referred to as the smaller piece of silicon. In addition, another piece
of silicon with a diameter of 10 cm and slightly different thickness was measured.
The thickness of the piece was measured with the same dial thickness gauge and
the value measured was 540 µm. Figure 3.8 shows the other piece of silicon in the
measurement system, now referred to as the larger piece of silicon.
43
Figure 3.7: The measured smaller piece of silicon (510 µm).
Figure 3.8: The measured larger piece of silicon (540 µm).
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3.3.4 Polytetrafluoroethylene
A 8 cm wide 10 cm long piece of polytetrafluoroethylene (PTFE) was also measured.
The thickness of the piece was measured with the same dial thickness gauge from
Käfer, and the average measured value was 2.89 mm. Figure 3.9 shows the measured
piece of PTFE at the measurement situation.
Figure 3.9: The measured piece of PTFE in the measurement setup.
3.3.5 Steel ball
The first curved MUTs measured were two steel balls acquired from Tampereen
Laakerikeskus Oy [69]. The measured steel balls had radii of 8.5 mm and 8.73 mm
which corresponding to the radius of curvature of human cornea Rcornea ≈ 7.8..8
mm [70]. Figure 3.10 shows the measured steel balls.
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Figure 3.10: The measured steel balls.
3.3.6 Contact lens
10 +6 diopter Acuvue Moist contact lenses were acquired from Coopervision to be
used as human tissue phantoms [71]. The reported central thickness of the lenses
where reported to be 350 µm. The material the contact lens consisted of was etafilcon
A. The material is a hydrogel consisting of 2-hydroxy-ethyl methacrylate, hydrophilic
monomers and methacrylic acid. The refractive index at optical wavelengths of the
lenses were 1.387. The water content of the lenses were 62 %. Figure 3.11 shows the
contact lenses measured in this work.
Figure 3.11: The measured contact lenses in their packing.
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3.3.7 Model eye
An eye model was built so that the contact lens could be measured with more realistic
configuration. The built model had a base cavity and an upper lock. The base cavity
was 28.80 mm long and had a diameter of 8.40 mm. In addition, three pipelines
were attached to the base cavity, two for the filling the cavity with liquid and one for
removing liquid from the top of the model if it would leak. The upper lock was 15.50
mm long and the inner diameter at the bottom of the lock was 14 mm and the inner
diameter at the top of the lock was 9.9 mm. Figure 3.12 shows the built model eye.
Figure 3.12: The built model eye. (Left) the base cavity, (Middle) the upper lock,
and (Right) the model eye.
3.3.8 Cling film
The first material placed in the model eye was cling film with brand name Eskimo
Elmukelmu from Eskimo Finland [72]. The cling film was low-density polyethylene
based material and the approximate thickness was 30 µm. A piece of the cling film
was cut from the roll and placed in the eye model. Figure 3.13 presents the cling
film in the eye model.
Figure 3.13: The cling film in the eye model with saline solution inside the cavity of
the eye model.
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3.4 Spherical structure
The cornea has a radius of curvature of Rcornea ≈ 7.5-8 mm [70]. The structure of the
cornea is very ordered and may be presented as a homogenous model at submillimetre
wavelengths [7]. Therefore, the cornea structure is well-defined curved etalon, i.e.,
the structure can be considered to be a curved thin film [73].
The difference of the curved MUT and the flat MUT arise from the phase difference
at the surface of the MUTs. For the flat MUT the beam is considered to have the
maximum reflection at the focal point of the OAP mirror. However, the maximum
reflection of a curved MUT is considered to be at the point where the radius of
curvature of the beam Rc and the radius of curvature of the MUT RMUT coincide.
Figure 3.14 illustrates the simulated Rc from 7.3 cm and 6.8 cm from the focal plane
as well as the radii of both steel balls used as MUTs. The efficiency of the phase
difference ηcurvature is calculated as
ηcurvature =
∫
S
ejk0(z0,steel ball(x)−z1,steel ball(x))dS, (3.4.1)
where k0 is the wavenumber of the propagating wave, and z0,steel ball is the height of
the curvature at line S specified as
z0,steel ball(x) =
√
R2steel ball − x2, (3.4.2)
where Rsteel ball is the radius of the steel ball, and x is the point on the line S in
the limits −ω(z) ≤ x ≤ ω(z) at z = Rsteel ball calculated with (3.1.1). In addition,
z1,steel ball is the height of the radius of curvature of the wavefront Rc at the z =
Rsteel ball calculated with (3.1.2) and it is specified as
z1,steel ball(x) =
√
R2steel ball − x2 − (Rc −Rsteel ball). (3.4.3)
Figure 3.14 presents the curvature of radius of the incident wavefronts and the two
steel balls measured in this work. In addition, the phase difference of the different
curvatures is presented in Figure 3.14.
48
Figure 3.14: Phase matching of spherical objects to the incident beam at 260 GHz.
(Up) the radius of curvature of the incident wavefronts and the steel balls, (Down)
phase difference of the incident wavefronts and steel balls.
Figure 3.15 illustrates the efficiency phase difference between 220 - 330 GHz. In future
research the efficiency should include an amplitude coefficient to more accurately
determine the effect of the curvature of radius to the reflection of the incident
wavefront.
Figure 3.15: Efficiency of the phase difference from 220 GHz to 330 GHZ.
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4 Results
This chapter presents and discusses the measurements introduced in Section 3.2.
First an overview of the signal processing needed to obtain reliable results is given.
After the signal processing methods are determined the verification measurements of
planar MUTs are presented and discussed. Lastly the measurement results of MUTs
with spherical geometry are presented and discussed.
4.1 Signal processing
4.1.1 Time-domain filtering
In many measurement the raw data will only show some changes in the signal level.
Raw data in this sense means the recorded signal data from the PNA. Therefore,
the raw data must be processed in order to obtain meaningful results from the
measurement. A simple method to post-process the raw data is to calculate the
Fourier transform of it, which transforms the measurement from one domain to
another, e.g., from frequency domain to time-domain.
The domain switch may be performed by Fourier transform (FT). To optimise
computation time many computational environments utilise fast Fourier transform
(FFT). Applying FFT to a data in frequency domain will move it to the time-domain
or space-domain. Due to the continuous behaviour of the measurement data, the
peaks in the time- or spatial-domain will present the multiple reflections of the signal.
The signal response in time-domain can be calculated as
F (t) =
∫ ∞
−∞
G(f)ej2piftdf, (4.1.1)
where F (t) is the signal response in time-domain and G(f) is the signal response in
frequency domain. Similarly G(f) may be computed back from F (t) as
G(f) =
∫ ∞
−∞
F (t)e−j2piftdt. (4.1.2)
The time-domain is linked with the spatial domain as
r = tc2 , (4.1.3)
where r is the distance to the horn antenna.
After the raw data has been transformed from frequency domain to time-domain
individual reflections from the MUT can be distinguished from the time-domain.
The signal response in time-domain presents multiple peaks with equal time intervals.
The first reflection is determined from the first peak after the 0 second point. The
second peak is at two times the first signal response and the amplitude value is
50
usually lower than the amplitude value of the first peak. The signal response in
time-domain may be filtered with a filter function. A gaussian filter function may be
used, specified as
H(r) = e−(
r−r0
GW
)2 , (4.1.4)
where r is the distance from the horn antenna, r0 is the centre point of the filter
function, and GW is the width of the function. The filter is applied to F (r) as
Γfiltered(r) = F (r)H(r). (4.1.5)
The filtered signal response in time-domain can be now transformed back to frequency
domain by applying (4.1.2) or inverse fast Fourier transform (IFFT). The signal has
now been filtered and the response only includes one reflection from the MUT. Figure
4.1 represent the filtering process starting from (a) raw measurement data, (b) Fourier
transformed measurement data, (c) filtered measurement data in time-domain, and
(d) filtered measurement data in frequency domain.
Figure 4.1: Filtering process of a reflection measurement signal measured from a
planar mirror. (a) Raw data in frequency domain, (b) raw data in time-domain, (c)
filtered measurement data in time-domain, (d) filtered data frequency domain.
The Gaussian filter will only delete the effect of other reflections and the horn antenna
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but other artefacts, such as atmospheric attenuation and the effect of distance, still
remain in the filtered signal response. The amplitude response of the signal may
be further enhanced by measuring a reference short, such as a planar mirror. The
amplitude response of the measured material is divided by the amplitude response of
the reference short as
|Γ(f)| = |Γ filtered(f)||Γmirror(f)| , (4.1.6)
where Γ(f) is the filtered signal response, and Γmirror(f) is the filtered response of
a mirror (reference short). Ideally dividing with amplitude response of a mirror
measurement is just dividing by 1, thus in an unideal case the mirror response will
calibrate all the measurements with planar geometry.
4.1.2 Phase unwrapping
The phase response of reflection coefficient of the MUT is defined as
Arg(Γ(f)) = arctan(Im{Γ(f)}Re{Γ(f)}), (4.1.7)
where Re{Γ(f)} is the real part of Γ(f), and Im{Γ(f)} is the imaginary part of the
Γ(f). The arctan function is not continuous and consists of shifts of 2pi, thus period-
icity can be extracted with phase unwrapping. The arctan function is unwrapped,
i.e., the response is increasing or decreasing without the 2pi discontinuity jumps. The
phase unwrapping algorithm is defined as in [74] as
φ(fi) = φ(fi) + 2piMφ, i = 1, 2, ...N − 1, (4.1.8)
where fi is the ith point in the frequency vector and Mφ is defined as
Mφ =

Mφ = 0, if i = 1,
Mφ = Mφ + 1, if |φ(fi+1)− φ(fi)| > |αφ| ∧ φ(fi+1) < φ(fi),
Mφ = Mφ − 1, if |φ(fi+1)− φ(fi)| > |αφ| ∧ φ(fi+1) > φ(fi),
(4.1.9)
where αφ is the tolerance value when the 2pi jump is unwrapped.
Now, φ(f) is linearly extrapolated, and the linearly extrapolated fit is removed from
φ(f) as
Arg(Γ(f)) = φ(f)−Oφ(f), (4.1.10)
where Oφ(f) is the linearly interpolated fit of φ(f). The linear fit Oφ(f) is removed
from the unwrapped phase to obtain the actual phase response, and in an ideal case
the resulting phase response of a planar mirror would be 0 over the frequency range.
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4.1.3 Aliasing
Normally measurements are carried out by measuring a continuous wave. The
measurement is based on discrete sampling of the signal, i.e., a number of measurement
points or frequency step has to be finite. In case of too few samples the signal might
be subject to aliasing. The term alias has many definitions depending on the context
it is used. In time-domain an alias is a peak that folds back to the sample bin
or window if the Nyquist-Shannon theorem is not enforced. The Nyquist-Shannon
theorem states that the measured signal has to be sampled at a frequency of at least
twice the highest frequency component of the measured signal.
The Performance Network Analyzer (PNA) used in the measurements is connected
to a Vector Network Analyzer Extension Module (VNAX) and the highest frequency
measured is a multiple of some other frequency, and thus the highest frequency
is cumbersome to determine. Fortunately, the required number of points may be
determined with a few assumptions. First it is assumed that the needed alias free
distance of the signal is Walias and the distance of the object from the horn antenna is
dalias. Next assuming that there are nalias multiple reflections and malias coefficients,
the aliased time instant talias is determined as
talias = |nalias tcenter −malias tmaximum|, (4.1.11a)
tcenter =
2dalias
c
, and (4.1.11b)
tmaximum =
1
fs
, (4.1.11c)
where fs is the sampling frequency and it is determined as
fs =
BW
NSignal − 1 (4.1.12)
where BW is bandwidth of the frequency range and NSignal is the number of mea-
surement points.
In addition, the alias-free distance of the signal is determined as
tlow =
2(dalias − Walias2 )
c
, and (4.1.13a)
thigh =
2(dalias + Walias2 )
c
, (4.1.13b)
where tlow is the lower boundary of the alias free space and thigh is the higher boundary
of the alias-free distance of the signal. An alias peak is distorting the measurement
if the talias fulfils the conditions
talias ≥ tlow, and (4.1.14a)
talias ≤ thigh. (4.1.14b)
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In general, as the distance to the object grows the signal has more aliased components.
To avoid the distortion to the signal is to decrease the distance to the object. This is
possible only for free-space method measurements where the free-space path may
be adjusted. Fortunately, other options remain, such as increasing the number of
sampled points in the measurements.
Figure 4.2 maps regions where aliases appear at distances between 10 cm to 60 cm
from the MUT and number of samples of the measurement. The width of the alias-
free distance to the signal is 50 mm, when considering up to 9 multiple reflections.
Bandwidth is chosen as 110 GHz (330 GHz - 220 GHz).
Figure 4.2: Aliasing of measured signal. The alias-free distance of the signal is
assumed to be 50 mm and considering up to 9 multiple reflections. At 8047 number
of samples aliasing occurs at distance of 49.7 cm.
If the sample is located at 54.2 cm from the horn antenna the number of samples
should be 8000 or more. Likewise if the sample is located 27.4 cm from the horn
antenna the required number of samples should be 4800 or more. In addition, with
narrower bandwidth the number of samples could also be decreased.
4.2 Dynamic range
4.2.1 Planar mirror
The planar mirror was placed to the translational stage and the individual reflections
were measured from the mirror by moving the mirror in 0.25 mm steps along the
propagation axis of the incident beam. The maximum reflection point was determined
from the maximum amplitude value of the reflection coefficient in time-domain. The
maximum reflection point is assumed to be the focus point of the off-axis parabolic
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(OAP) mirror 2 in the measurement system. Figure 4.3 presents the filtered reflection
coefficient amplitude and phase response of the planar mirror.
Figure 4.3: The reflection measurement of planar mirror. (a) The reflection coefficient
amplitude response, (b) the phase response.
The amplitude response of the filtered data shows a change in the amplitude response
of the reflection coefficient in the frequency range presented in Figure 4.3 (a). In
addition, same kind of trend is visible in the phase response of the reflection coefficient
illustrated by Figure 4.3 (b). The result suggest that there is something that is
distorting the measurement also after filtering the signal response. The expected
result would be a nearly |Γ| = 1 throughout the frequency range for a perfect reflector.
Fortunately, the amplitude response of the mirror measurement may be used for
normalising amplitude responses of planar materials under test.
4.2.2 Radar absorbing material
A piece of radar absorbing material (RAM) was measured to determine the dynamic
range of the measurement system. Multiple pieces of RAM were placed in the system
in different angles in such a way that measured reflection coefficient would be as low
as possible but still detectable from the noise floor. The recorded amplitude would
then be the minimum detectable value of the system. The signal-to-noise ratio is
defined as
SNR = 20 Log( |ΓMirror||ΓRAM| ), (4.2.1)
where ΓRAM is amplitude of the reflection coefficient of the RAM measurement. Figure
4.4 shows the reflection coefficients of the planar mirror and RAM measurements in
decibel (dB) scale.
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Figure 4.4: The dynamic range of the measurement system. The maximum power
detected is the reflection coefficient of the power of the planar mirror, and the
minimum power detected is the reflection coefficient of the power of the RAM
measurement.
From the results presented in Figure 4.4 the dynamic range can be determined. For
the frequency range from 220 GHz to 330 GHz it is about 42 dB or better.
4.3 Validation of the measurement
To validate the measurement setup and to verify that the measured response was
actually the response of the MUT, four different materials were measured. All of the
measurements were time-gated and the amplitude of the reflection coefficient was
normalised with the amplitude of the reflection coefficient of the planar mirror with
(4.1.6). The phase response was computed with the unwrapping algorithm presented
in Section 4.1.2.
The materials considered were presented in Chapter 3, i.e., a piece of silicon, cyclic-
olefin copolymer (COC), and polytetrafluoroethylene (PTFE). Each material was
placed on a stand such that the reflection would occur from the material between
surrounded by air. Moreover, a piece of RAM was placed a few centimetres beneath
the material in order to avoid reflections from the metal building blocks of the
measurement system.
4.3.1 Silicon
The well known electric properties of silicon at millimetre wavelengths made the
measurement of a piece of silicon a prime candidate for validation of the measurement
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system. The thickness of the silicon chip was measured with a thickness dial gauge
from Käfer [68]. The thickness was measured to be 510 µm for the silicon chip. The
piece was placed on the assumed focus point of the second OAP mirror, similarly as
in the planar mirror measurement. Figure 4.5 presents the results of the time-gated
and normalised reflection coefficient of the silicon piece.
Figure 4.5: The result of reflection measurement of a 510 µm thick piece of silicon.
(a) The amplitude response result, (b) the phase response result.
The amplitude of the reflection coefficient is distorted in lower frequencies as well as
in the higher frequencies illustrated in Figure 4.5 (a). Fortunately, the clear minimum
point around 262 GHz of the amplitude of the reflection coefficient is visible stating
that there is a clear etalon effect measured from the piece of silicon. The same zero
point is visible also in the phase response of the reflection coefficient illustrated
in Figure 4.5 (b). The phase shift denotes the zero point where the phases of the
front side reflection coefficient and back side reflection coefficients cancel each other
resulting in nearly zero amplitude response. However, the phase response at the
lower frequencies act as expected but after about 262 GHz the phase response levels
to around zero degrees and the expected sawtooth shape is not visible.
The thicker piece of silicon was also measured with the thickness dial gauge, and the
measured value was 540 µm. The thicker piece had also larger surface area than the
thinner piece of silicon, which made the positioning of the material under test (MUT)
easier. The thicker piece was measured 5 times. Between each measurement the
piece was removed from the stand and placed back in order to acquire independent
measurement results from different locations on the surface of the MUT. Figure 4.6
shows the results of 5 measurements of the thicker piece of silicon. Both amplitude
and phase response of the reflection coefficient of the silicon piece are presented in
Figure 4.6.
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Figure 4.6: The results of reflection measurements of a 540 µm thick piece of silicon.
(a) The amplitude response results, (b) the phase response results.
The results of the amplitude of the reflection coefficient, illustrated in Figure 4.6
(a), suggest that the individual measurements are fairly consistent. The result of
measurement 5 differs most from the other measurement results, and the reason
might be an impurity on the surface. Two minimum points are visible at 246 GHz
and at 327 GHz, however, the latter might be also affected by the sharp edges of the
time-gating filter function applied. Overall the results suggest a visible etalon effect
from the piece of silicon.
The phase responses of the reflection coefficients, presented in Figure 4.6 (b), are
more distorted than the amplitude responses. The first phase shift is clearly visible
around 246 GHz but then the phase response levels to around 7 degrees. The second
phase shift at around 327 GHz is also visible in Figure 4.6 (b) although the phase
response is not the expected sawtooth as seen also with the other piece of silicon.
The results imply that there might be some artefact present in the phase response
since the results are not normalised with the planar mirrors phase response.
4.3.2 Cyclic-olefin copolymer
The electrical properties of cyclic-olefin copolymer (COC) are quite stable at 200-300
GHz, and thus, it is a prime material to be studied at these frequencies [75]. The
thickness of the piece of COC was measured with the thickness dial gauge, and value
was measured to be 1.98 mm. The piece was moved to the focus point similarly as
the planar mirror and 5 individual measurements were recorded of the same piece of
COC. The piece was removed and placed back to the focus similarly as the thicker
silicon piece. Figure 4.7 presents the measurement results of the amplitude and phase
response of the reflection coefficient.
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Figure 4.7: The results of reflection measurements of a 1.98 mm thick piece of
cyclic-olefin copolymer. (a) The amplitude response results, (b) the phase response
results.
The results imply that the results are quite consistent and no large variations in
the amplitude or phase responses are visible. The results of the amplitude of the
reflection coefficient, illustrated in Figure 4.7 (a), suggest that there is distortion in
the amplitude form. Fortunately, the etalon effect is clearly visible with 3 maxima
and two minima, first at 249 GHz and second at 297 GHz. The latter minimum
implies that the relative permittivity of the COC changes significantly at the higher
frequencies since the amplitude value at the 297 GHz is significantly higher than at
249 GHz.
The phase responses of the reflection coefficient, presented in Figure 4.7 (b), have
expected sawtooth shaped responses from 247 GHz to 325 GHz. The form is distorted
at the lower frequencies as well at the 325 - 330 GHz but overall the responses are
similar and the phase shifts at 249 GHz and 297 GHz mark the minima visible in
Figure 4.7 (a).
4.3.3 Polytetrafluoroethylene
Polytetrafluoroethylene (PTFE) has quite precisely determined electrical properties
at millimetre wavelengths [77]. Therefore, PTFE would be a good candidate for
validation measurements. The thickness of the piece of PTFE was measured with a
thickness dial gauge, and the measured value was 2.89 mm. The piece was placed
on the focal point of the second OAP mirror and 5 individual measurements were
recorded of the PTFE. Between each measurement the piece was removed from the
focus and placed back to the focus. The results of the amplitude and phase responses
of the reflection coefficient are presented in Figure 4.8.
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Figure 4.8: The results of reflection measurements of a 2.89 mm thick piece of
polytetrafluoroethylene. (a) The amplitude response results, (b) the phase response
results.
The amplitude responses of the reflection coefficient, illustrated in Figure 4.8 (a),
of measurements 1 - 4 are quite consistent and a slight difference is apparent in
measurement 5 relative to other measurements. Overall, the amplitude responses
are quite similar and all of them have some sort of the distortion over the frequency
range. Fortunately, the expected etalon effect is visible with 3 maxima and 3 minima,
first at 255 GHz, second at 291 GHz, and third at 327 GHz.
The phase responses of the reflection coefficient, presented in Figure 4.8 (b), are
quite consistent for measurements 1 - 4, but measurement 5 differs from the other
measurements. Even though the form of phase response of measurement 5 is signifi-
cantly different from the other measurements, the first two phase shifts at 255 GHz
and 291 GHz are consistent with the other measurements. The difference might be
due to uneven surface or impurity on the PTFE piece where measurement 5 was
illuminated compared to the other measurements. All of the phase responses present
an expected sawtooth shape from 250 GHz to 327 GHz, and some distortion is visible
at the lower end of the frequency range as well as at the higher end of the frequency
range.
4.4 Spherical objects
4.4.1 Steel balls
The first curved interfaces studied were the 17 mm and 17.463 mm steel balls. Before
measuring the steel balls, the system was focused to a screw hole in a solid aluminium
breadboard, which was attached to the translational stage, with a flashlight from a
mobile phone. The screw hole was illuminated underneath the breadboard and a
piece of paper was placed on the breadboard as well as in front of the horn antenna.
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The breadboard was moved with the translational stage such that the light from the
flashlight coincided with the horn antenna. Figure 4.9 shows the focused measurement
setup with the flashlight from the mobile phone. The steel balls could be then easily
placed to the propagation axis of the incident beam.
Figure 4.9: The measurement focused to a screw hole in the solid aluminium bread-
board. The false light source appears in the picture due to reflection in the lens of
the camera and in reality it did not exist.
After the system was focused each steel ball was placed on the screw hole and
individual reflection measurements were conducted by moving the steel balls away
from the horn antenna in 0.25 mm steps along the propagation axis of the incident
beam. Figure 4.10 shows the results of the recorded maximum amplitudes in time-
domain, however, presented in spatial-domain.
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Figure 4.10: The maximum amplitudes of reflection coefficients in time-domain
(spatial-domain). The distances where the maximum amplitudes occur: steel ball 17
mm = 50.94 cm, steel ball 17.463 mm = 50.99 cm, planar mirror = 51.49 cm.
The raw data was filtered with a Hann function and it reads
HF (i) = 12(1− cos(
2pii
N − 1)), i = 1, 2, ..., N (4.4.1)
where N is the total number of samples. After the Hann function was applied the
data was Fourier transformed to time-domain. The maximum amplitude for the steel
ball with a diameter of 17 mm was 50.94 cm. Likewise the maximum amplitude for
the steel ball with diameter of 17.46 mm at 50.99 cm. The maximum amplitude of
the planar mirror was recorded at 51.49 cm
After the maximum distances were determined the raw data was processed as described
in Section 4.1, i.e., without the Hann function. Figure 4.11 shows the results of the
amplitude and phase responses of the reflection coefficient for the two steel balls as
well as the planar mirror.
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Figure 4.11: The results of steel balls and planar mirror reflection measurements. (a)
The amplitude response results, (b) the phase response results.
The results suggest that the amplitude responses have similar shape but the amplitude
of the 17.463 mm steel ball has a higher amplitude than that of the 17 mm steel
ball. The amplitude responses of the steel balls have similar features compared to
the planar mirror, however, the maxima occur at slight different location, for the 17
mm steel ball at 252.7 GHz, for the 17.463 mm steel ball at 253.1 GHz, and for the
planar mirror at 270 GHz. In addition, the value decreases faster after the maxima
for the steel balls.
The phase responses of the steel balls are fairly similar, however, from 266 GHz to
280 GHz there is some fluctuation in the phase response of the 17 mm steel ball.
The phase responses of both steel balls have similar features as the planar mirror,
although, the phase responses of the steel balls are steeper compared to the phase
response of the planar mirror.
4.4.2 Cling film
The effects of the curved MUT was also examined by using cling film. The cling
film was low-density polyethylene based material and the approximate thickness
was 30 µm, and thus, the film was nearly invisible for the wavelengths used in the
measurement. The cling film was placed in the eye model presented in Section
3.3.7 and a pressure of approximately 306 Pa applied in the cavity. Two sets of
measurements were conducted with the film, first with distilled water in the cavity
of the wet eye model, and the second set with 0.9 % saline solution. By comparing
these results, the effects of the saline solution could be determined.
The measurement sets were conducted by moving the wet eye cavity along the
propagation axis of the incident beam. The maximum reflection point along the
propagation axis of the incident beam was determined from the highest reflection
value in the time-domain. Figure 4.12 shows the results of the amplitude and phase
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response of the maximum reflection point from the cling film for both distilled water
and saline solution filled cavities.
Figure 4.12: The results of cling film measurements. (a) The amplitude response
results, (b) the phase response results.
The maximum amplitude responses suggest that the saline solution is more lossy
than the distilled water, illustrated in Figure 4.12 (a), as the seawater permittivity
model suggested in Section 2.10.1. The shapes of the amplitude responses are similar
the maximum of the amplitude of the distilled water is at 247 GHz and the maximum
amplitude of the saline solution at 253 GHz. The amplitude response of the distilled
water is steeper after the maximum compared with the saline solution. Moreover,
the amplitude responses are fairly similar to that of the amplitude responses of both
steel balls.
The phase response of the reflection coefficient, presented in Figure 4.12 (b), are
similar for both measurements. The phase responses are similar to the phase responses
measured for the steel balls. Figure 4.13 illustrates the combined amplitude and
phase responses of the reflection coefficient measurements. The results suggest that
the cling film does not present a resonance for the used frequencies and the spherical
geometry of the water ball is measured as well as the effect of the liquid used behind
the cling film. In addition, the result imply that the amplitude response of the cling
film results could be used to normalise the amplitude responses of materials with
spherical geometry on either distilled water or saline solution.
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Figure 4.13: The combined reflection measurement results of steel ball measurements
and cling film measurements. (a) The amplitude results, (b) the phase response
results.
4.5 Human tissue phantom
4.5.1 Contact lens
Two +6 diopter contact lenses were measured by measuring individual reflection
coefficients along the propagation axis of the incident beam, similarly as the cling
film and steel ball measurements. One contact lens was placed in distilled water
over 24 hours. Afterwards the lens was rinsed with distilled water and placed in the
eye model before filling the cavity with distilled water. The other contact lens was
placed immediately in to eye model after the pack was opened and before the cavity
was filled with 0.9 % saline solution. Figure 4.14 presents the amplitude and phase
responses of the maximum reflection point of both contact lenses.
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Figure 4.14: Reflection measurements of one contact lens in distilled water and one
contact lens in 0.9 % saline solution. (a) The amplitude response results, (b) the
phase response results.
Figure 4.14 (a) illustrates the amplitude responses of the reflection coefficient of
both contact lens measurements. The maximum amplitude value of the contact lens
in saline solution is 0.195 at 254 GHz, whereas the maximum amplitude value of
the contact lens in distilled water is 0.164 at 247 GHz. In addition, the decrease
in the amplitude value of the contact lens in saline solution is steeper compared
with the contact lens in distilled water. The reason might be due to the different
radius of curvature lenses have when the lenses are placed in the eye model. Similar
feature can be seen with the cling film measurements as well as with the steel ball
measurements.
Figure 4.14 (b) shows the phase responses of the maximum reflection point of both
contact lens measurements. The phase responses are quite similar over the frequency
range. The difference of the phase values at 273 GHz is about 4 degrees. The phase
responses are also similar to the cling film and steel ball measurements indicating
that the there is no significant difference between the phase responses of the contact
lens and other spherical materials measured. Figure 4.15 illustrates the combined
amplitude and phase responses of the maximum reflection points for all of the
spherical object measurements.
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Figure 4.15: Combined reflection measurements of contact lenses and cling film in
distilled water and one contact lens in 0.9 % saline solution as well as the steel balls.
(a) The amplitude response results, (b) the phase response results.
Figure 4.15 (a) shows that the amplitude responses of the measured spherical objects.
The results indicate that the curvature has an effect on the amplitude response,
which is visible in the shape of each response. In addition, the amplitude response of
the contact lens in distilled water is lower than that of the cling film in distilled water
nearly throughout the frequency range. However, the amplitude response of the
contact lens in saline solution is lower than that of the cling film in saline solution.
Figure 4.15 (b) presents the phase responses of the measured spherical objects. The
results verify the similarity of the shapes with all of the spherical objects, and that
no etalon effect is visible in the contact lens measurements, at least not in the phase
responses.
The maximum reflection points in time-domain for the contact lens in distilled water,
the contact lens in saline solution, cling film in distilled water, and cling film in
saline solution are 50.97 cm, 51.37 cm, 51.51 cm, and 51.10 cm, respectively. The
distance differences are significant indicating that the curvature of the objects has
been different. Therefore, the maximum reflection point of the cling film in saline
solution is shorter than the maximum reflection point of the contact lens in saline
solution indicating that the radius of curvature of the cling film in saline solution
would be much shorter than that of the contact lens in saline solution. The difference
in the maximum reflection points is 2.7 mm. This assumption is based on the
difference in the amplitude level of the two steel balls where the larger radius results
in higher amplitude response. The contact lens in distilled water and cling film in
distilled water measurements the difference in the maximum reflection points is 5.45
mm.
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Figure 4.16: Normalised amplitudes of reflection coefficients of the contact lens
reflection measurements. (a) Amplitudes normalised with steel ball measurements,
(b) amplitudes normalised with cling film measurements.
Another +6 diopter contact lens was placed in the eye model and the cavity was
filled with 0.9 % saline solution such that the pressure in the cavity was 306 Pa.
The eye model was fastened on the bread board and the maximum amplitude of
the reflection was search by manually tuning the translational stage and looking
at the amplitude of the reflection coefficient in time-domain. When the maximum
amplitude had been found, 4 sets of measurements were conducted. Each set of
measurements consisted of 20 individual reflection coefficient measurements over 2
minutes. Figure 4.17 shows the results of the first set of measurements.
Figure 4.17: The first set of measurements of a contact lens. (a) The amplitude
responses, (b) the phase responses.
The results are quite consistent and the results suggest that the radius of curvature
has not changed between the measurements, at least not significantly. However, the
amplitude responses, presented in Figure 4.17 (a), are not similar to that of other
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measurements conducted with spherical geometry. The reason might be that there
has been a bubble of air between the contact lens and saline solution.
Figure 4.18 shows the results of the second set of reflection measurements of the
same contact lens. The second set was measured almost immediately after the first
set. The eye model was not moved between the measurements, nor was it touched
between the measurements. The results of the first two sets of measurements are
fairly similar and the minimum points at 286 GHz are roughly at the same level.
Figure 4.18: The second set of measurements of a contact lens. (a) The amplitude
responses, (b) the phase responses.
Figure 4.19 and Figure 4.20 present the results of measured reflection coefficients
of third and fourth set of measurements respectively. The third set was measured
15 minutes after the second set of measurements and the fourth set was measured
immediately after the third set. The amplitude responses and the phase responses of
the third and fourth set of measurements are quite similar.
Figure 4.19: The third set of measurements of a contact lens. (a) The amplitude
responses, (b) the phase responses.
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Figure 4.20: The fourth set of measurements of a contact lens. (a) The amplitude
responses, (b) the phase responses.
Figure 4.21 (a) illustrates all amplitude responses and phase responses of the four sets
of measurements. The differences between the second and third set of measurements
are the decrease in the amplitude value around 254 GHz, increase of the amplitude
value around 318 GHz, and the shift of the minimum point from 285 GHz to 279 GHz.
This would mean that the contact lens has dried between the second and third set of
measurements. As the water content of the lens changes the losses in the material
decrease and the thickness of the sample also would change due to the hydrophilic
behaviour of the contact lens material. However, the decrease of the amplitude value
around 254 GHz is not explained with the drying of the contact lens. Another reason
might be that the contact lens has leaked saline solution from the cavity and the
curvature has changed between the second and third set of measurements. The same
can be seen from the phase responses illustrated in Figure 4.21 (b).
Figure 4.21: The combined reflection measurement results of a contact lens. (a) The
amplitude response, (b) the phase response.
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5 Uncertainty analysis and parameter estimation
A common uncertainty analysis process is to apply a residual analysis of the simulation
and measurement data. A residual analysis in this case is referred as the difference
between the estimated value, X i, and the observed value Xi. In mathematical terms
this means,
ri = X i −Xi, i = 1, 2, .., Nr (5.0.1)
where ri is the residual of ith point. In terms of simulation and measurement data
estimated value is the simulated value and likewise observed value is the measured
value. Generally, the residual analysis may be used for fitting the simulated data
to the measured values. A quick and straightforward fitting algorithm is the least
square algorithm, and the it reads
min S =
N∑
i=1
r2i , (5.0.2)
where S is the sum of squares, and ri is the residual defined by (5.0.1). The best
solution may be computed by inserting suitable starting parameter values (ε′r and ε
′′
r )
for X i defined by (2.10.4). The sum of squares is then minimised by a minimising
function, e.g., in MATLAB fminsearch.
In this work the sum of least square fitting is produced with MATLAB lsqcurvefit-
ting function [76]. The initial parameter values for ε′r and ε
′′
r are picked from the
literature. The thickness lr for the simulation is chosen from the dial thickness gauge
measurements. The boundary values of the lsqcurvefitting function are chosen such
that the all of the parameter values are positive. Furthermore, the specific boundaries
are presented in each section separately.
5.1 Residuals of verification measurements
The measured materials silicon, cyclic-olefin copolymer, and polytetrafluoroethylene
are examined to analyse the overall functionality and accuracy of the measurement
system. The results should be close to the values reported in literature to validate
the functionality of the measurement system.
5.1.1 Silicon
Table 3 presents the ε′r and ε
′′
r values used as reference as well as the simulated relative
permittivity values that best fit the measurement data. Figure 5.1 illustrates the
fitted curve of fitting algorithm as well as the normalised amplitude of the reflection
coefficient of the larger silicon piece measurements. The initial parameters for the
fitting algorithm are chosen as ε′r = 11.884 and ε
′′
r = 11×10−4. Table 4 presents the
limits of the parameters.
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Table 3: The studied relative permittivity values of silicon at 100-450 GHz as well as
the fitted parameter values.
ε
′
r ε
′′
r × 10−4 Range [GHz] Reference
11.884 - 11.882 11 - 6 100 - 450 [77]
11.485 3950 220 - 330 This work (Larger piece)
11.27 11 220 - 330 This work (Smaller piece)
Table 4: The limits of the parameters for the fitting algorithm.
Parameter Lower limit Higher limit
ε
′
r 11 15
ε
′′
r 0 1
Figure 5.1: Data fit of the larger 540 µm silicon piece. The simulated values of the
relative permittivity are ε′r = 11.485 and ε
′′
r = 0.395.
The parameters values best fitted to the measurement data are ε′r = 11.485 and ε
′′
r
= 0.395. However, the measurement data suggest that the silicon would have higher
losses than what the literature suggests. The reason might be that there has been
some coating on the piece that has not been reported since the piece had been used
in other projects previous to this work.
Figure 5.2 shows the fitted curve of the data fitting algorithm as well as the normalised
amplitude of the reflection coefficient of the smaller piece of silicon. The same limits
and initial parameter values for the ε′r and ε
′′
r are used for the fitting algorithm.
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Figure 5.2: Data fit of the larger 510 µm silicon piece. The simulated values of the
relative permittivity are ε′r = 11.27 and ε
′′
r = 11 ×10−4.
The result of the data fit is better for the smaller piece. However, the fitted curve
and the measurement data do not overlap outside the minimum point at 262 GHz.
In addition, the reflection responses away from the 262 GHz are distorted and almost
result in an amplitude of 1. The reason the piece is distorted might be due to the
unknown coating on the piece since the smaller piece was used in previous projects
before this work.
5.1.2 Cyclic-olefin copolymer
Table 5 presents the parameter values of cyclic-olefin copolymer (COC) from the
literature as well as the initial parameter values used for data fitting algorithm. Table
6 presents the boundary values used in the data fitting algorithm. Figure 5.3 presents
the fitted curve and normalised amplitude responses of the reflection coefficients of
the five COC measurements.
Table 5: The studied relative permittivity values of Cyclic-olefin copolymer at 220 -
330 GHz as well as the fitted parameter values.
ε
′
r ε
′′
r × 10−4 Range [GHz] Reference
2.35 2.2 100 - 1000 [78]
2.34 4.46 100 - 1000 [75]
2.308 1.3 - 1.6 140 -220 & 325 - 500 [79]
2.321 9.431 ×10−7 220-330 This work
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Table 6: The limits of the parameters for the fitting algorithm.
Parameter Lower limit Higher limit
ε
′
r 1 3
ε
′′
r 0 1
Figure 5.3: Data fit of the five COC measurements. The simulated parameter values
are ε′r = 2.321 and ε
′′
r = 9.431 ×10−11.
The results of the five COC measurements and the fitted curve agree fairly good and
the simulated values agree with the parameter values used as references. The result
of the data fitting suggest that the measurement system is fairly accurate at least
with the COC piece. ε′r agrees with the literature values, whereas the ε
′′
r is much
lower than the literature values presented.
5.1.3 PTFE
Table 7 presents the parameter values of polytetrafluoroethylene (PTFE) from the
literature as well as the initial parameter values used for data fitting algorithm. Table
8 presents the boundary values used in the data fitting algorithm. Figure 5.4 presents
the fitted curve and normalised amplitude responses of the reflection coefficients of
the five PTFE measurements.
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Table 7: The studied relative permittivity values of polytetrafluoroethylene at 200-400
GHz as well as the fitted parameter values.
ε
′
r ε
′′
r × 10−4 Range [GHz] Reference
2.07 1.3 -1.4 200 - 300 [80]
2.07 4 - 10 90 - 300 [81]
2.071 - 2.069 18 - 11 90 - 300 [82]
2.023 0.241 220-330 This work
Table 8: The limits of the parameters for the fitting algorithm.
Parameter Lower limit Higher limit
ε
′
r 1 3
ε
′′
r 0 1
Figure 5.4: Data fit of the five PTFE measurements. The simulated parameter values
are ε′r = 2.023 and ε
′′
r = 2.41 ×10−5.
The results of the five PTFE measurements and the fitted curve agree fairly good with
each other. The simulated values are similar to the values reported from the literature
and the dial thickness gauge measurement. Similarly to the COC measurement the
results suggest fairly good accuracy of the measurement system compared with the
reported literature values.
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6 Conclusions
In this work measurement of human tissue at millimetre wavelengths was studied. In
literature review the history of millimetre- and submillimetre-wave technology was
discussed as well as possible applications in dermatology, dentistry and ophthalmology
were presented. The most promising application in ophthalmology was further
analysed with the numerical methods.
The experimental part of this thesis consisted of building a quasi-optical measurement
system operating from 220 GHz to 330 GHz. The validation of the measurement
system was carried out with four materials with planar geometry. These materials
where two different size silicon pieces, a piece of cyclic-olefin copolymer and a
polytetrafluoroethylene piece. The material parameters of the cyclic-olefin copolymer
and PTFE could be determined fairly close to the literature values presented as
reference. However, the parameter values of the two silicon pieces could not be
determined to agree with the literature values. Especially, the determined imaginary
part of the relative permittivity of the larger silicon piece differs from the literature
values.
The human tissue measurements were conducted with a curved contact lens. In
addition, 3 materials with spherical geometry where measured. The effect of the
spherical geometry was also analysed by their maximum amplitude reflection distances
in time-domain. The effect of the radius of curvature with two steel balls with different
diameters did not have significant difference in their amplitude responses. However,
the cling film and contact lens measurements suggested a significant difference in
their amplitude responses and the radius of curvature of these measurements might
have been different.
The material parameters of the contact lens could not be determined with the help of
the measurements conducted in this work. Furthermore, the four sets of contact lens
measurement presented suggested different amplitude and phase response compared to
the contact lens measurement conducted by moving the materials in the propagation
axis of the incident beam. However, the effect of the curved radius was analysed
and a simulation model was included to estimate the effect of the curvature of the
material under test to the reflected beam.
6.1 Future research
In the future measurements the contact lens material with planar geometry should
be measured. The thickness of the material should be controlled to determine the
electrical properties of the material at these wavelengths. If the electrical properties
are determined at the used frequencies the fitting of the data for a curved object
could be simpler.
The saline solution model presented in this work did not present convincing results
at the simulated frequencies and the salinity amount. The relative permittivity of
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saline solution should be further analysed and determined to create a reliable model
for the used frequency range. The model could be used to obtain a closer-to-reality
simulations of the human tissue reflection.
The phase centre change of the Potter horn has to be studied in future research. In
addition, larger bandwidth measurements may be conducted with a corrugated horn
since the Potter horn may be used only for a 10 % bandwidth. However, the change
of the phase centre of the corrugated horn should also be studied.
The coupling of the incident Gaussian beam and the spherical surface should be
further analysed. The model presented in this work only considers the phase matching
of the spherical object and the incident Gaussian beam. The effect of amplitude
distortion due to the spherical geometry should also be studied.
The contact lens measurements conducted in this thesis were normalised by cling film
measurements. However, since the radius of curvature was different, the amplitude
response of the contact lens could not be normalised to physically possible limits.
In future studies the measured spherical objects should have the same curvature of
radius to obtain reliable results of the normalised amplitude response.
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